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ABSTRACT 
 
Oxidation of a ferrocenyl group in conjugation to another metal centre can alter the 
electron density at that metal centre and lead to a change in overall reactivity of a 
complex. Herein, the synthesis and characterization of redox active symmetrical and 
unsymmetrical ferrocenylalkene derivatives is described. A change in the standard redox 
potential of ferrocene (465 mV), to more positive potentials in vinylferrocene 1 (478 mV) 
and 4-phenylvinylferrocene 3 (499 mV), showed how manipulation of a redox potential 
can be effected on the ferrocenyl moiety by just using conjugation effects. A shift by +13 
mV is observed in 1 and this potential more than doubled in 3 (+34 mV). Ferrocenyl-
derived ruthenium alkylidene complexes were also prepared in a cross metathesis of 1 
and 3 with Grubbs’ 1 (676.5 mV) to give complexes Ferrocenylidene-
bis(tricyclohexylphosphine)dichlororuthenium 14, 4-ferrocenylphenylidene-bis 
(tricyclohexylphosphine)dichlororuthenium 15 respectively. The extent of the electronic 
communication between the ferrocenyl group and the ruthenium centre was then 
estimated by looking at the positive or negative redox potential shifts of 14 and 15 as a 
result of 1 and 3. A large positive potential shift by 180 mV in 14 indicated that there was 
a strong electronic communication between the two metal centres, while the smaller, yet 
significant positive potential shift by 89.5 mV in 15 showed 3 to have a lesser effect on 
the ruthenium centre. Compounds 14 and 15 were tested in a Ring Closing Metathesis 
(RCM) of diethyldiallylmalonate showed enhanced reactivity. 
  
Keywords: vinylferrocene, redox, ruthenium alkylidene. 
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 Chapter 1 
Introduction 
 
 
1.1 Olefin Metathesis - Nothing but a dance? 
 
1.1.1 Definition 
 
Olefin metathesis is a popular reaction that has become useful not only to synthetic 
organic chemists but to polymer scientists as well.1 The key attraction of this reaction is 
its ability to transform carbon-carbon double bonds into new carbon-carbon double 
bonds in a clean, mild, efficient and less hazardous manner. This reaction was first 
observed in the early 1950s by petrochemical companies in their involvement with 
polymerization reactions.2 The process was however poorly understood. For example, in 
a polymerization reaction of propylene using a heterogeneous molybdenum catalyst 
supported on alumina, a three-product mixture comprising of propylene, ethylene and 1-
butene was obtained instead of polypropylene. These baffling results were explained 
only in the late 1960s by researchers from Goodyear Tyre & Rubber, as an exchange of 
one carbon-carbon double bond and its substituents, with another carbon-carbon double 
bond.3 The Goodyear Tyre & Rubber company then termed the reaction “olefin 
metathesis”, now generally defined as a transition metal-catalyzed reversible reaction 
that redistributes or disproportionates two olefins in a manner that can (i) close small or 
large rings (Ring Closing Metathesis/RCM); (ii) open small or large rings (Ring Opening 
Metathesis/ROM) (iii) exchange alkyl groups around a carbon-carbon double bond 
(Cross Metathesis/CM); (iv) polymerise cyclic olefins (Ring Opening Metathesis 
Polymerisation/ROMP); or (v) form polymers from acyclic dienes (Acyclic Diene 
Metathesis (ADMET)) (Scheme 1.1a&b).1  
+(i)
(ii)
R R
+
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Scheme 1.1a: Applications of olefin metathesis.1 
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Scheme 1.1b: Applications of olefin metathesis.1  
 
The mechanism, first proposed by Chauvin and Hèrrison, is now well understood to be 
initiated by a metal carbene (A) that reacts with an olefin (B), to form a 
metallocyclobutane (C), which breaks down to form a new olefin (D) and a new metal 
carbene (E) (Scheme 1.2).4 The latter then propagates a metathesis reaction.  
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Scheme 1.2: The Chauvin mechanism.4 
 
An illustrative example of this mechanism is that of two pairs of dancing partners that 
dance jointly in a ‘circle’, only to switch partners upon breaking the circle!5 The Chauvin 
mechanism was further supported by results obtained in metal carbene reactions 
conducted by Chauvin (1971) and later, Casey and Burkhardt (1974).4,6 It was Katz who 
first suggested that in light of the above mechanism, metal carbenes should be 
prepared, isolated and used to initiate olefin metathesis.7  He then went on to show that 
2 
 isolable metal carbenes initiated olefin metathesis. The proposals made by Chauvin and 
Katz warranted merit and set the stage for the forerunners in olefin 
metathesis, Schrock and Grubbs, who were the first to prepare metal carbenes that 
resulted in groundbreaking research in the field.8 The 2005 Nobel Prize was awarded to 
Chauvin, Schrock and Grubbs “for the development of olefin metathesis in organic 
chemistry”. 
 
1.1.2 Catalysis (homogeneous and heterogeneous) 
 
Homogeneous catalysis is a reaction in which a catalyst and reactants are in the same 
phase.9 The olefin metathesis reaction can be carried out via homogeneous or 
heterogeneous catalysis. In the latter process the catalyst and the reactants are in 
different phases.10  
 
While the two processes continue to be used, they each have different advantages and 
limitations and as their systems continue to be developed, their remarkable attributes 
now present the possibility of a ‘heterogeneous-homogeneous’ system. 
 
1.1.2.1 Advantages of homogeneous catalysis 
 
When a catalyst and reactants are in the same phase, there is increased surface area.11 
This translates to overall improved reaction efficiency, better selectivity and activity since 
reactants have maximum exposure to the surface of the catalyst. Another consequence 
is lower catalyst loading, an often important economical factor in chemical industries. 
Homogeneous systems also enable chemical reactions to be efficiently monitored and 
well studied by spectroscopic and analytical methods.12 Transition metal catalysts and 
inorganic acids and bases are some of the examples found in homogeneous catalysis 
and typical reactions include hydroformylation, hydrogenation and the Ziegler-Natta 
polymerization.9 
 
1.1.2.2 Disadvantages of homogeneous catalysis  
 
Owing to the fact that the catalyst, reactants and products are in the same phase it is 
often difficult to separate the catalyst from the reaction mixture. Distillation processes are 
3 
 sometimes employed in separation but the temperature required might be too high for 
the catalyst to survive.11 Recycling of the catalyst then becomes a major challenge 
especially where expensive transition metals are employed.  
 
 
1.1.2.3 Advantages of heterogeneous catalysis 
 
A heterogeneous process involves adsorption of reactants (gas or liquid) onto the 
surface of a catalyst, which is fixed on a solid support. A reaction then takes place on 
this surface, followed by desorption of the products from the catalyst surface and 
regeneration of the active catalyst.9,10 Separation and recycling of the catalyst, in this 
case, is carried out with less difficulty.  
 
1.1.2.4 Disadvantages of heterogeneous catalysis 
 
All the active sites of a catalyst are not readily available to the reactants. There is thus 
limited surface area exposure of the catalyst compared to the homogeneous systems. 
As a result, heterogeneous systems are sometimes less efficient and less active at low 
catalyst loading.10 High catalyst concentrations therefore have to be employed; 
alternatively, catalysts are spread evenly on some strong solid support. Reactions are 
often conducted at high temperatures and pressures. Not only is this environment 
potentially hazardous, but active catalyst species can also be destroyed. Transition 
metal catalysts are also found in these reactions and are supported on zeolites, silica or 
alumina.  
 
1.1.2.5 Heterogeneous-homogeneous systems 
 
One of the major attractions of ionic liquids in olefin metathesis has been the ability to 
have a biphasic system in which a catalyst is retained in the ionic liquid phase, reacts 
with reagents in the organic phase but remains in the ionic liquid phase after completion 
of a reaction.13 This has had positive implications in the separation technology because 
the organic layer with product(s) and/or by-product(s) can be decanted off, leaving 
behind the ionic liquid layer. One of the drawbacks reported on this system has been 
that of catalyst leaching into the organic phase during the separation and washing 
4 
 process of the ionic liquid phase with organic solvents. Ionic liquid-tagged catalysts have 
become potential tools in circumventing this problem as they are better retained in the 
ionic liquid phase.14 Another interesting development is ‘redox switching’ for facile 
separation of a catalyst from a reaction mixture. An inherently homogeneous catalytic 
process can be ‘turned’ into a heterogeneous-homogeneous system by switching the 
redox states of a catalyst. More of this concept will be discussed later in this chapter. 
 
1.1.3 Olefin metathesis catalysts 
 
Amongst the first metal carbenes used for olefin metathesis were the Fischer-type 1 and 
the highly reactive Schrock’s tungsten 2 and molybdenum complexes 3 in the mid 1980s 
(Fig. 1.1).15,16 A problem with these early transition metal catalysts was their preference 
for other functional groups over olefins, leading to a range of unwanted side products. In 
addition, the complexes were generally air and moisture sensitive making them difficult 
to handle. Nonetheless, one of the first breakthroughs in olefin metathesis was observed 
by Grubbs et al. in the ROMP and RCM reactions using Schrock’s molybdenum (Mo) 
catalysts.17  
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Figure 1.1: Transition metal catalysts in the early developments of olefin metathesis.15 
 
There was however an increasing need to develop more stable, tunable catalysts with 
good reaction selectivity to alkenes in the presence of other functional groups.15 Grubbs 
prepared one such catalyst that became known as the first generation Grubbs’ catalyst 
(Grubbs 1) (4, Fig. 1.1). Its activity was lower compared to the Schrock’s Mo catalyst but 
showed better functional group tolerance. In order to improve on the activity of Grubbs 1, 
steric and electronic factors were taken into account. Nitrogen heterocyclic carbenes 
5 
 (NHCs) have often been compared to their phosphine counterparts but have found more 
value because of their strong electron donating ability. They bind more strongly than 
phosphines and their weak π-accepting nature makes the movement of electron density 
towards a metal centre more favorable.18,19  Hermann reported the first NHC ruthenium 
catalyst 5, which was found to be slightly more active than Grubbs 1 catalyst(Fig. 1.2).19 
In order to improve on its activity, Grubbs et al. sort to replace only one of the 
tricyclohexylphosphine ligands (PCy3) in Grubbs 1 catalyst with a mesityl derived NHC, 
to obtain a catalyst known as the second generation Grubbs catalyst (Grubbs 2) (6, Fig. 
1.2).20 The phosphine is more labile than the NHC ligand, thus while the NHC binds 
strongly and directs electron density to the metal centre, the trans effect would facilitate 
dissociation of the phosphine ligand and lead to better activity than in 5. Grubbs 2 was 
found to be more active than 6 and Grubbs 1, showed similar reactivity to Schrock’s 
molybdenum, and maintained the robustness and functional group tolerance of the 
ruthenium metal. Several modifications, including Hermann’s NHC type 5 and Hoveyda-
Grubbs second generation catalyst 7, followed soon thereafter.21,22 The Hoveyda-Grubbs 
was found to have superior robustness and could be recycled.22 
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Figure 1.2: Hermann’s 2nd generation type 5; 2nd generation Grubbs catalyst (Grubbs 2) 6; and 
2nd generation Hoveyda-Grubbs catalyst 7. (Cy = cyclohexyl, Ph = phenyl, Mes = mesityl). 
                     
In more recent work, a catalyst based on Grubbs 1 in which both PCy3 ligands were 
replaced with a phosphabicyclononane (Phoban) ligand 8 showed superior activity and 
selectivity to both Grubbs 1 and Grubbs 2 (Fig. 1.3).23 Improved thermal stability, greater 
efficiency for ROMP and stability in column chromatography were also reported for these 
phoban ruthenium alkylidenes. Although their use may be somewhat limited, due to 
lower activities exhibited towards acrylates and 1,1-disubstituted olefins, they are 
potential candidates where high selectivity is needed. 
6 
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Figure 1.3: Cyclohexyl-phoban ruthenium complex (Phobcat) 8, and Grubbs 2-derived fluorine 
catalyst 9. (Cy = cyclohexyl).23,24 
 
Grubbs et al. have recently published results on the first ruthenium-halide interaction, in 
which a halide that was substituted in place of the methyl group in a NHC ligand, was 
said to interact with the NHC, thereby promoting dissociation of the PCy3 ligand.24 In 
their study, the fluorinated catalyst 9 (Fig. 1.3) was the most efficient in initiating RCM 
reactions of diethyldiallyl malonate compared to Grubbs 2 and Hoveyda-Grubbs. Other 
studies conducted by Forman et al. have revealed that an additive such as phenol can, 
as a result of its interactions with ruthenium, promote catalyst activation and result in 
enhanced rates, higher turnover numbers (TONs) and increased catalyst lifetime.25 In 
studies similar to this, Meyer et al. also hinted towards ruthenium-metal interactions for 
the remarkable “suppression” of secondary metathesis products (SMPs) on addition of 
tin and iron halogenides in the self metathesis (SM) or CM of 1-octene with styrene 
using Grubbs 1 and Phobcat.26 Such interactions were corroborated in the 
crystallographic structure of a diruthenium complex obtained from a reaction of Grubbs 1 
with CuCl and SnCl2. Comparison of a series of halogenides (SnBr2>SnCl2, 
FeBr2,>FeCl2) revealed these interactions to be of a steric and not electronic nature. 
 
These are just a few of the numerous outstanding examples reported in the literature on 
how the properties of the ruthenium metal centre may be altered by ‘fine-tuning’ its 
coordination sphere. Catalyst modification has, in the past, largely focused on 
modulation of its steric properties to augment its activity, selectivity and stability. 
Electronic tuning is however gaining popularity and since this is our main interest, it will 
be discussed later on in this introduction. 
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 1.1.4 Applications  
 
Naturally or biologically occurring amines are abundant and have significant medical 
applications. Grubbs’ catalysts have spurred growth in this field, enabling the efficient 
synthesis of the all important nitrogen as well as oxygen heterocycles without the 
challenges encountered in conventional methods.27,28 Previously reported 
decompositions of allylic ethers or catalysts in the RCM synthesis of oxygen and 
nitrogen heterocycles from diene derivatives, were avoided by using Schrock’s 
molybdenum or more efficiently, Grubbs catalysts (Scheme 1.3). 29,30 
N
Ts
N
Ts
Grubbs 1
CH2Cl2, reflux
92% 
 
Scheme 1.3: Synthesis of 1,2-dihydroquinoline (anti-malarial intermediate).30 
 
Acyclic urethanes 10 (Scheme 1.4) have been used in the treatment of HIV/AIDS with 
little investigations on the effect of cyclic urethanes 11 simply because of the difficulty in 
synthesizing these compounds.31 This is set to change in the future as RCM has opened 
up ways of studying and accessing these cyclic urethanes using Grubbs 1. Preliminary 
reports showed that the HIV protease is significantly inhibited by cyclic urethanes 
whereas acyclic urethanes do so weakly. 
O
O
O
H
N
O
OH
Ph
N
OO
O
O
O
H
N
O
OH
Ph
N
Ru cat.
O
10 11
 
 
Scheme 1.4: Acyclic urethane 10 converted to a potent cyclic urethane 11 by Grubbs 1.31  
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Commercialization of olefin metathesis was first evidenced by i) the Philips Triolefin 
process (Scheme 1.5) that was stopped in the early 1970s and now licensed as Olefins 
Conversion Technology (OCT), and ii) the Shell Higher Olefin Process (SHOP).32 OCT is 
a reversed Philips triolefin process for the production of propene. There is an increased 
global demand for propene that can no longer be met by conventional naphtha crackers. 
Companies such as Mitsui Chemicals (Asia), Shangai Secco Petrochemical (China) and 
Lyondell Petrochemical (Texas, USA), to name a few, are set to operate OCT 
metathesis plants to keep up with this demand. 
 
+ 2
Heterogeneous cat.
CM
 
 
Scheme 1.5: Philips triolefin process.32 
 
SASOL (South Africa) is investigating olefin metathesis in the conversion of short chain 
α-olefin by-products from their Fischer-Tropsch process into higher value-added internal 
olefins for use as surfactants. The phobcat catalyst 8 (p.6), represents a degree of 
success in this endeavour. In another application, Materia (Pasedena, USA) has 
licensed the ruthenium technology to a sporting goods company, Easton Sports, for the 
production of polydicyclopentadiene (PCPD). PCPD has found applications in heavy-
truck hoods, tractor fenders and bathroom fixtures and was found to be impenetrable to 
9mm bullets! 
 
1.1.5 Green Chemistry 
 
Green Chemistry is described as a technology that makes use of sustainable and 
renewable resources and eliminates generation of waste, use of volatile solvents and 
toxic substances.33 Environmental laws and legislation is forcing companies to be more 
environmentally conscious, do away with hazardous processes and adopt a 
‘preventative’ rather than a ‘treatment’ attitude. Early introduction of a ‘Greener’ 
approach at a laboratory scale, makes facile implementation of processes should they 
go industrial. It is then fundamental that synthetic chemists introduce and develop the 
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 concept in the early stages of their synthesis. Olefin metathesis, by virtue of being a 
reversible catalytic reaction, has green aspects and can be fully exploited to bring about 
benign and sustainable chemical reactions. This was in part demonstrated in the 
synthesis of an insect pheromone, (1S, 5R)-frontalin (Dendroctonus frontalis) for the 
southern pine beetle (Scheme 1.6).34 In one of the steps to achieve this, a RCM reaction 
of 12 with Grubbs 1 was carried out. The reaction was carried out in dichloromethane, 
an unattractive solvent from a Green Chemistry point of view, but the unreacted isomer 
13 that was obtained from the previous step was recovered and recycled, giving back a 
mixture of 12 and 13. 
 
O
O
O
O
O
O
+ 1) 5mol% Grubbs 1
  0.01M 12+13 in CH2Cl2
2) separation to remove 13
     89% based on 12
12 13
(1S, 5R)-frontalin
+ 13
 
Scheme 1.6: Synthesis of an insect pheromone, (1S, 5R)-frontalin.34 
 
Water makes for an attractive solvent medium in any reaction but its limitations so far 
have been that of poor solubility with organic substrates. It has however, been 
investigated by Grubbs and many others for potential use in olefin metathesis.35-37 In one 
example, the ruthenium alkylidene 14 (Fig. 1.4) that was soluble in water and other 
protic solvents was prepared.35 This initiated ROMP reactions, a result not witnessed 
with previous ruthenium catalysts. A Grubbs 2 derived ruthenium water soluble catalyst 
15 (Fig. 1.4) showed even better activity and catalyzed RCM reactions as well.36 These 
catalysts could easily be separated from organic (aprotic) solvents such as diethyl ether 
because of their solubility in protic solvents. 
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Figure 1.4: Grubbs 1 derived water-soluble catalyst 14 and a poly(ethylene glycol) Grubbs 2 
derived catalyst 15. 35,36  
   
Davis et al. also recently reported the successful RCM in water with or without 
surfactants, using Grubbs 1.37 The use of a heterogeneous system in an inherently 
homogeneous system is remarkable and it places water as a potential solvent to replace 
the commonly used dichloromethane or toluene for RCM reactions. Microwave energy is 
another potentially environmentally friendly approach that is  
widely used in organic synthesis. RCM reactions often proceed for lengthy times and at 
elevated temperatures.38 This solvent-free microwave approach, not only maintained 
high yields (>94%), but reaction times were greatly reduced from 2 hours to 3 minutes 
(Scheme 1.7). 
 
O
O
RCM, Grubbs 1
 Microwave,         , 3min
solvent: 98%
without solvent: 94%  
Scheme 1.7: RCM with Grubbs 1 under microwave irradiation.38 
 
1.1.6 Catalytic activity 
 
Work that is perhaps more relevant to the study in this dissertation, is the electronic 
influence of ligands on the activity of ruthenium alkylidenes. As mentioned earlier, 
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 numerous literature reports on improved activity or selectivity have mainly documented 
steric effects and not an elaborate account of electronic factors. In one of the earliest 
studies of the latter, Schwab et al. showed the electronic influence of the alkylidene 
moiety on the activity of Grubbs 1 by varying para-substituents on the phenyl ring in 16 
(Fig. 1.5).39 Although efficient in catalyzing ROMP reactions, the para-substituents X in 
Grubbs 1 appeared to have very little electronic influence on initiation rates.  
 
Ru
PCy3
PCy3
Cl
Cl
X
X = H, NMe2, OMe, Me, F, Cl, NO2
NN MesMes
Cl
Cl
PCy3
ER
Ru
        ER= OCH2CH3, SCH2CH3, 
        N(carbazole), N(pyrrolidinone)
16 17  
 
Figure 1.5: Grubbs 1 with different para-substituents to the alkylidene 16, and ruthenium Fischer-
type carbene complex with different heteroatom moieties 17.39,40 
 
The activity of the Fischer-type ruthenium carbene complexes 17 (Fig. 1.5) in ROMP  
and RCM reactions, however, appeared to be affected by the type of heteroatom on the 
carbene  (E).40  In Hoveyda-Grubbs type systems 18 and 19 (Fig. 1.6), it was shown that 
the isopropoxy “release and return” mechanism can be influenced by electronic factors. 
Electron-withdrawing substituents in 18 (no.1) in meta and para positions to the 
isopropoxy ligand were found to enhance the initiation of RCM and CM reactions relative 
to those with electron-donating substituents (no.2) and even better than the Hoveyda-
Grubbs catalyst.41-43 Electron-withdrawing substituents decrease the electron density on 
the oxygen atom and therefore promote its “release” from the ruthenium centre, creating 
an active site for an olefinic substrate to coordinate. 
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Cl
Cl
Ru
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Figure 1.6: Hoveyda-Grubbs type catalysts.41-45 
 
‘Too weak’ or ‘too tight’ a Ru-O bond could lead to an unstable catalyst or one with low 
activity or no activity at all.43 The meta-substituted isopropoxy substituent in 18 (no.3) for 
example, increases the electron density at the oxygen atom of the ligand, and therefore 
the strength of the Ru-O bond. As a result, the complex was observed to have lower 
activity than Hoveyda-Grubbs.44 Similarly, Gulajski et al. reported no activity for 18 (no.4) 
in RCM reactions at room temperature.45 Protonation of the diethylamino group, 
however, makes it electron-withdrawing and thus alters the reactivity of 19 altogether 
(Fig. 1.6). It was with this understanding that Gulajski et al. probed the possibility of 
electron tuning by turning the ‘inactive’ neutral catalyst into an ‘active’ one by simple 
protonation of the catalyst. This initiated RCM reactions at room temperature as shown 
in Scheme 1.8.  
 
CO2Et
CO2Et
CO2Et
CO2Et
Ru cat./CH2Cl2
% Conversion: 8% (neutral amino), 24h
                         99%(activated amino), 6h
r.t.
 
 
Scheme 1.8: RCM of an activated second generation Hoveyda-Grubbs catalyst.45 
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 Another example in which an electronic switch is used in a ruthenium catalyst is that of 
redox-switchable catalysts shown in Figure 1.7.46 The ferrocenyl tag, like in other 
supported ruthenium catalysts, provides potential solutions to separation challenges 
experienced in homogenous catalysis. It enables the catalyst to be switched ‘on’ by 
oxidation of ferrocene to ferrocenium (FeIII), which precipitates out of an organic solvent, 
and switched ‘off’ by reduction back to ferrocene (FeII). The reduced species can then be 
re-dissolved in an organic medium for further use.  
 
NN
Cl
Cl
Ru
Fe Fe
O
 
 
Figure 1.7: Hoveyda-Grubbs type ferrocenyl ruthenium catalyst.46 
 
Concerning initiation of an olefin metathesis catalytic cycle, the above ferrocenyl tagged 
Hoveyda-Grubbs catalyst is reported to behave in a similar manner as the Hoveyda-
Grubbs catalyst. An investigation into the use of redox switches in changing the reactivity 
of the Hoveyda-Grubbs reaction profile could find such catalysts widely applicable in the 
future.   
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 1.2 Ferrocene 
 
1.2.1 Homogeneous catalysis 
 
 
 
Figure 1.8: Ferrocene. 
 
Amamoto, a well renowned organometallic chemist, described the history of 
organometallic chemistry as that which was spurred by the discovery of ferrocene (Fig. 
1.8) and the Ziegler catalyst.47 Well documented literature of the former is supportive of 
this statement. Numerous examples and applications that extend into the areas of 
organic chemistry, polymer sciences, catalysis and the medicinal field demonstrate the 
versatility of this metallocene.48 Organometallic chemistry has changed the face of 
organic chemistry by replacing stoichiometric processes by catalytic ones. The electronic 
properties of metals are being probed as potential tags in organic molecules for the 
construction of molecular wires for use as optical devices in materials science and, as 
shown earlier in this discussion, as redox tags in catalysis.49 Recent attractions in 
homogeneous catalysis include the use of N-heterocyclic carbenes (NHCs) and 
asymmetric ligands in asymmetric catalysis. Asymmetric catalysis enables high 
stereoselectivies in the enantioselective synthesis of organic compounds.  Ferrocene 
brings about the rigidity and bulkiness needed to enhance such stereoselectivity.50 This 
can be further augmented by introducing planar chirality into a ferrocene molecule, that 
is, introducing two different groups (chiral) in a 1,2-disubstituted pattern on a ferrocene 
ring (planar). 
 
Coleman et al. have reported on the synthesis of a palladium based ferrocenyl 
compound 20 (Fig. 1.9); there was however no mention of the reactivity of this 
complex.51 The palladium complex of a chiral ligand 21 (Fig. 1.9) resulted in high 
enantiomeric excess (ee) for the asymmetric allylic substitution of 1,3-diphenylprop-2-
enyl acetate (Scheme 1.9).  
Fe
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PPh2
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PPh2
PPh2
Me Me
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Figure 1.9: Ferrocenyl palladium carbene complex 20 and chiral phosphine ligands 21, 22.51,52 
 
Ph Ph Ph Ph
OAc
MeO2C CO2Me
[{Pd(C3H5)Cl}2]/L
CH2(COOMe)2
        base
93 % ee  
 
Scheme 1.9: Palladium catalyzed asymmetric allylic substitution. L= 21.52 
 
Improved ee values (64% ee) have also been reported in the ruthenium catalyzed 
hydrogenation of acetophenone (Scheme 1.10).53 
 
O OH
RuCl2(p-cymene)]2/L
KOH, i-PrOH
64% ee  
 
Scheme 1.10: Ruthenium catalyzed asymmetric transfer hydrogenation of acetophenone. L = 22 
(Fig. 1.9).53 
 
1.2.2 Green chemistry and ferrocene 
 
One of our main interests has been to develop the chemistry of ferrocene within the 
context of Green Chemistry. As a potential ligand in catalyst design, for example, in 
asymmetric catalysis or even in the development of olefin metathesis catalysts, it is 
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 important to improve or develop cleaner, efficient methods in ligand synthesis in order to 
claim an overall ‘Green process’. In one of the developments in this regard, Imrie et al. 
reported a novel, solvent-free preparation of ferrocenylimines.54  
The conventional method made use of volatile anhydrous solvents such as 
dichloromethane, diethyl ether, methanol or ethanol and the reactions are heated under 
reflux, for several hours. In the solvent-free method, an aniline and 
ferrocenecarboxaldehyde were ground together for a few minutes, in the absence of a 
solvent, to generate an imine (Scheme 1.11). 
 
Ar
H
O N
C
H
Ar XH2N
X
Grind
No solvent+
Ar = Fc, FcPh, 4-FcPhPh-4-, 4-FcPh-O-Ph-4- 87-97% yields
Fc = ferrocenyl  
 
Scheme 1.11: Solvent-free synthesis of ferrocenylimines.54 
 
Further developments include reactions of ferrocenecarboxaldehyde with 
phenylacetonitriles to form the corresponding ferrocenylacrylonitriles 23 and reactions of 
two equivalents of ferrocenemonocarboxaldehyde with diamines to form analogous 
ferrocenyldiimines 24, all under solvent-free conditions. Analogously, the reaction of 1,1-
ferrocenedicarboxaldehyde with two equivalents of anilines provided 1,1’-
ferrocenyldiimines 25 (Fig. 1.10). 55 
 
17 
 C
H
Fe Fe
N N C
H
Fe
CH
CH
N
N
X
X
Fe
CH
C
NC
X
23
24
25  
 
Fig 1.10: Solvent-free synthesis of ferrocenylacrylonitriles 23, bisferrocenyldiimines 24 and 1,1’-
ferrocenyldiimines 25. X= 4-OCH3, 4-Cl, 4-CF3, 4-NO2, 4-F, 4-CN.55 
 
 
Michael addition is commonly used in the synthesis of β-amino carbonyl compounds but 
has since been improved in the synthesis of ferrocenylenones (Scheme 1.12).56 Prior 
methods used Lewis acids that generated waste and excess amine, which led to poor 
atom economy. With the solvent-free ultrasound technology, carbon-carbon bonds can 
now be efficiently generated in higher yields in a more benign manner. 
 
Fc Ar
O
Fc Ar
O N
N
H
solvent-free
ultrasound, r.t.
 
 
Scheme 1.12: Solvent-free ultrasound promoted Michael addition of amines to 
ferrocenylenones.56 
 
One of the challenges in chemical reactions, especially in homogeneous catalysis, is 
separation of the catalysts or reaction by-products from the product and unreacted 
starting materials. Column chromatography can be time consuming and sometimes 
leads to decomposition of starting materials and catalytic species. Tin by-products are 
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 notoriously difficult to remove in reactions involving tributyltin hydride (TBTH). However, 
in one reported synthesis, the replacement of TBTH with ferrocenyldibutyltin hydride 
(FDTH) provided a method of separation.57 Simple oxidation of the reaction mixture 
oxidized all ferrocenyl tin by-products to ferrocenium which could subsequently be 
separated by an aqueous wash. This concept has also been applied to Mitsunobu 
reactions where separation of the generated phosphine by-products is often laborious.58 
A ferrocenyl-tagged triphenylphosphine was therefore used as a redox-switchable phase 
tag (Scheme 1.13). The triphenylphosphine oxide ferrocenium tag (FeIII) was soluble in 
aqueous medium and was readily separated from the insoluble triphenylphosphine 
ferrocenyl tag (FeII) by-product. The triphenylphosphine oxide could be recycled in 
subsequent reactions (Scheme 1.13). A metathesis catalyst (Fig. 1.7, p.13) also fits into 
this discussion. It again demonstrates the advancement of green chemistry using 
ferrocenyl compounds. 
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Scheme 1.13: Recycling of ferrocenyl-tagged triphenylphosphine in Mitsunobu reactions.58 
 
Ionic liquids have been labelled as benign solvents because of their low volatility but 
their high viscosity is often a drawback. This has the potential to affect the efficiency of a 
reaction. Contrary to this, ferrocenyl ionic liquids of high viscosity were found to be 
favourable in electron transfer studies such as electroplating, fuel cells and lithium 
batteries (Fig. 1.11).59 Similar compounds with longer alkyl chains ((CH2)x, x= 6, 8) as 
‘linkers’ and ‘side chains’, had been synthesized previously by Nyamori and could find 
use in similar studies.60 
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Figure 1.11: Ferrocenyl ionic liquids.59 
 
 
1.2.3 Electronic aspects of ferrocene 
 
The ferrocenyl group is a good electron donor. This property becomes potentially useful 
when the group is incorporated into a ligand.61 Ferrocene has attracted attention in 
optical sensor technology and polymer science and, like other metals, when placed at 
terminal positions in a molecule, there is a possibility of electron transport from one end 
to the other.61,62 This accounts for the growing interest in homo- and/or heterobimetallic 
transition metal complexes and more so, those incorporating a ferrocenyl group into the 
backbone of a polymer or organic molecules. Bimetallic complexes have existed for 
many years but it was only in the latter part of the twentieth century that research into 
these complexes became focused on investigating a possible electronic interaction 
between two metals.63  
 
Electronic interaction can be studied in one of two ways; (i) photoinduction and (ii) 
electrochemistry using cyclic voltammetry (CV).64 The focus will be on the second 
method as it provides an easy and efficient method of studying electronic 
communication, if any, between metal centres. An electrochemical study is usually 
conducted in an electrochemical cell with three electrodes, the auxillary electrode, the 
reference electrode, and the working electrode (Fig. 1.12a).64d 
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Figure 1.12a: A typical electrochemical cell.69d 
 
When the voltage E in volts (V), is applied to the working electrode, current i, in amperes 
(A,) is passed through the solution as the electrons move to the auxillary electrode. The 
current increases (ipc) until the reduction potential of the metal species (analyte) is 
reached (Epc) (Fig. 1.12b). The current will then start dropping (ipa) since there would be 
no more analyte at that electrode. When the potential is reversed, the current will also be 
reversed until the potential of the oxidized species is reached (Epa). E1/2 (mV) then 
represents the redox potential of the electrochemical process and that is given by the 
average of Epa and Epc. A typical CV when the potential I sweeped from right to left is 
shown in Figure 1.12b. In a situation where the potential is applied from left to right, the 
reverse of the above explained CV plot would be observed. 
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Figure 1.12b: A typical electrochemical wave for a one-electron species.64d 
 
Ferrocene shows a one-electron reversible redox wave, with a similar redox profile to 
that shown in Figure 1.12b.48 The change in potential in the anodic or cathodic direction 
provides a measure of (i) the effect of an organic substituent or (ii) the extent of the 
interaction between the metal in the ferrocenyl group and another metal centre.63 The 
latter could then further extend to the effects that the organic ‘spacers’, ranging from 
alkyl to aromatic groups and/or heteroatoms, have on the electronic communication 
between metals.  
 
 
1.2.3.1 Electronic interactions in ferrocene-heterobimetallic complexes 
 
One of the first papers to highlight metal-metal communication in bimetallic complexes 
was published by Miller et al.65 In their work, it was shown that oxidation of an 
independent redox active metal centre can regulate the electron density at another metal 
centre in the same complex. Also, in a situation where two of these redox active ligands 
are present, electronic communication can be manipulated. In that work, rhenium 
carbonyl complexes containing ferrocenyl ligands were prepared. It was demonstrated 
that metal communication between the ferrocenyl group and rhenium in 23 (Fig. 1.13, 
+20 mV) can be diminished to +10 mV when inserting a pyridyl group 24 (Fig. 1.13) 
between the two metal systems. The enhanced electronic communication between 
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 rhenium and the ferrocenyl ligand, as evidenced by a large negative shift in potential (-
250 mV shift), was observed in a complex having a direct σ-bond ferrocenyl-rhenium 
linkage 25 (Fig. 1.13). 
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Figure 1.13: Rhenium carbonyl complexes with ferrocenyl-derived ligands.65 
 
Relative to ferrocene, rhenium centred oxidations are difficult and not observed at 
potentials as high as ~1.5 V. The effect of the ferrocenyl group on rhenium was therefore 
studied by looking at the carbonyl stretching frequencies which would be affected by the 
electron density at the rhenium centre. Infra-red from these studies showed a shift to 
higher frequencies of the rhenium-carbonyl peak with the ferrocenyl group compared to 
complexes with no ferrocenyl group, an indication of reduced electron density at the 
rhenium centre. This was in agreement with electrochemical observations in the 
ferrocenyl ligands shown in Figure 1.13. What was also concluded from this study was 
that the magnitude of the ferrocenyl-rhenium interaction depends on the number of 
atoms separating the two metal centres. Consistent with these observations were results 
obtained by Rajput et al. for a series of rhodium (I) complexes of ferrocenylpyridine and 
related ligands.66 Two examples in the CV shown in Figure 1.14, show how a decrease 
in E1/2 of ferrocenyl oxidations is observed as the conjugation length in 26 (Fig. 1.14, 
+160 mV) is shortened in 27 (Fig. 1.14, +130 mV). 
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Figure 1.14: CV overlay of ferrocene, compound 26 and 27.66 
 
The effect of conjugation on communication between metals was again demonstrated by 
Carr et al. using the two ferrocenyl dipyridyl platinum complexes shown in Figure 1.15.67 
The free ligands have similar redox profiles to one another having an E1/2 of 540 and 510 
mV respectively. On complexation, the ferrocenyl group in 29 (Fig. 1.15) was observed 
to have very little interaction (+30 mV) with the platinum centre, while in 28 (Fig. 1.15) it 
shifted significantly to a positive potential by +150 mV. This suggests that a break in 
conjugation, as in 29, decreases electronic communication. Further studies on these 
complexes showed that elongation of conjugation between the dipyridyl ligands, 
decreases electronic communication.  
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Figure 1.15: Ferrocenyl dipyridyl  platinum complexes.67 
 
In comparing the behaviour of the ruthenium complexes 30 and 31 shown in Figure 
1.16a, it was concluded that there is little communication between the two ferrocenyl 
groups in 31. 
A positive shift for the ruthenium centre was however observed, providing an indication 
of an electronic interaction between the ferrocenyl groups and ruthenium (Fig. 1.16b).68 
One reversible wave was observed for oxidation of the ferrocenyl group in 30 at an E1/2 
of 0.51 V (Fig. 1.16b) and a similar single wave was observed for oxidation of the two 
ferrocenyl groups in 31 at an E1/2 of 0.54 V. The extent of the interaction between the 
ferrocenyl group and ruthenium in 30 was given by a second wave for ruthenium at 1.03 
V. The presence of two ferrocenyl groups in one complex (Fig. 1.16b, 31) had a 
significant effect on the electron density at the ruthenium centre (+300 mV shift, E1/2 = 
1.19 V) when compared to the one ferrocenyl group counterpart that had an E1/2 value of 
1.03V.  
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Figure 1.16a: Ferrocenyl ruthenium derivatives 30 and 31. 
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Figure 1.16b: CVs of ruthenium complexes 30 and 31 with ferrocenyl-derived ligands.68 
 
A similar enhanced effect provided by two ferrocenyl groups has also been reported for 
bis-acetylide ferrocenyl ‘bridges’ on ruthenium metal centres (Fig. 1.17a).69  
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Figure 1.17a: Ruthenium (II) bis(acetylide) bridge.69 
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Figure 1.17b: CV of bis-acetylide ferrocenyl linkers in ruthenium.69 
 
In this instance however, an interaction between the two ferrocenyl units was observed. 
This was indicated by the two separate redox peaks at E1/2 = 0.04 V and 0.26 V (Fig. 
1.17b). The values are much lower than the E1/2 of ferrocenyl acetylide ligand (0.61 V), 
indicating an increase of electron density at the iron metal centres upon complexation of 
the ferrocenyl ligands with ruthenium. Ruthenium-ferrocenyl interactions were observed 
at more positive potentials at E1/2 0.92 V (Fig. 1.17b, +460 mV shift). A change in the 
electron density of the ruthenium centre would inevitably lead to a change in the 
reactivity of the complex. However, this information was not included in these studies.  
 
The above examples of CV studies provide an account of electronic factors of ferrocene 
and the effect of i) the distance between the ferrocenyl group and another metal centre, 
ii) the nature of the ferrocenyl ligand and iii) that of a conjugated pathway.  
 
1.3 Aim and Objective 
 
Ruthenium alkylidenes are tunable; the examples presented so far have highlighted the 
impact and the versatility they have on olefin metathesis reactions. It has also been 
shown how enhancement of catalytic properties such as activity and selectivity can be 
effected through the use of additives and by controlling the steric or electronic factors of 
FeII/III, 0.04 V
FeII/III, 0.26 V
RuII/III, 0.92 V 
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 a ligand. This dissertation is concerned with the electronic effects of a ferrocenyl group 
contained in a donor ligand as part of a ruthenium alkylidene for olefin metathesis. We 
wanted to investigate how the changes in oxidation state of a ferrocenyl group, 
especially one conjugated to ruthenium, would affect the reactivity of the ruthenium 
centre without changing its coordination sphere. One possibility of generating such a 
system is through a cross metathesis reaction between Grubbs 1 and vinylferrocene, 
thereby removing the phenyl group in the form of styrene, and substituting it by a 
ferrocenyl group in the form of vinylferrocene (Scheme 1.14). Grubbs et al. have 
synthesized a range of alkylidenes including the Fischer type (see page 12, Fig. 1.5) 
carbenes using CM.40  
 
Fe
PCy3
Cl
Cl
Ru
PCy3
PCy3
Cl
Cl
Ru
PCy3
Fe
Grubbs 1
 
 
Scheme 1.14: Reaction of Grubbs 1 with vinylferrocene. 
 
The position of the ferrocenyl ligand in the ruthenium alkylidene shown in Scheme 1.14 
has the potential of affecting catalyst initiation, an often important factor in RCM and 
ROMP reactions. Enhanced initiation results in low catalyst loadings, reduced reaction 
temperatures and eliminates the use of phosphine scavengers that limit catalyst 
lifetime.70 
We were encouraged to find that other researchers were interested in the same area of 
study. For example, Maishal et al. reported the synthesis and structure of the ferrocenyl-
derived ruthenium catalyst shown in Scheme 1.14 in 2005.71 Improved catalyst activity in 
RCM and ROMP reactions was reported with this complex. In light of this work, we then 
sort to derive a range of different ferrocenyl ligands to be incorporated in the ruthenium 
alkylidene. One of the major ligands of interest was 4-ferrocenylvinylbenzene. In a CM 
reaction with Grubbs 1, the ruthenium catalyst shown in Scheme 1.15 should be 
obtained.  
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PCy3
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Fe
Ru
PCy3
PCy3
Cl
Cl
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Grubbs 1
 
 
Scheme 1.15: Reaction of Grubbs 1 with 4-ferrocenylvinylbenzene. 
 
Of interest in this ferrocenyl-derived ruthenium catalyst is the position of the ferrocenyl 
moiety relative to the alkylidene. Grubbs et al. have shown the electronic effects of p-
substituents on the phenyl ring in Grubbs 1 (p.11, Fig 1.5, 16).39 Would ferrocene 
therefore have any significant effect on the ruthenium centre? Other catalytic systems of 
interest were the incorporation of such a ligand into Grubbs 2 or Phobcat. Would the 
ferrocenyl ligand then interact differently in each catalyst system or is the interaction 
dependent or influenced by other ligands present in the catalyst? 
Another interesting feature to investigate is the effect of the ‘phenyl linker’ on the 
electronic interaction, if any, between the ferrocenyl group and the ruthenium centre. 
Rajput et al. have demonstrated how the number of atoms between ferrocene and the 
rhodium centre can affect electronic communication (p. 21-22).66 
These effects can also be studied in the second type of ligand system that was of 
interest to us; the 1,1’-disubstituted ferrocenyl ligands 32 with mixed functionalities (Fig. 
1.18). A possible mode of coordination for these types of ligands is analogous to 
Hoveyda-type catalysts.  
 
Fe XN
X = Cl, Br, F, CH3
32  
Figure 1.18: 1,1’-Disubstituted ferrocenylvinylimine 32. 
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In one literature example, the chelating N-donor carbene ligand 33 shown in Figure  
1.19, was used as a switchable catalyst and was found to be very active in ROMP 
reactions at high temperatures but latent at room temperatures.72,73 Ferrocenyl-derived 
imines in ruthenium alkylidenes 34 would make for an interesting comparison. 
 
Ru
PCy3
Cl
Cl
NX Fe
Ru
Cl
Cl
N
NN MesMes
33 34  
 
Figure 1.19: Chelating ferrocenylimine-derived ruthenium alkylidenes.   
 
Synthesized ferrocenyl-derived ruthenium alkylidenes can then be compared to the 
commercially available Grubbs 1 and 2, as well as the Phobcat catalyst, in RCM 
reactions. A popular benchmark RCM reaction that will be investigated is diethyldiallyl 
malonate (Scheme 1.16). 
 
EtO2C
CO2Et
EtO2C
CO2Et
Ru cat.
Toluene/reflux
 
 
Scheme 1.16: RCM of 1,1-diallyldiethylmalonate. 
 
Steric and electronic properties of the ferrocenyl moiety could both be contributing 
factors in any changes in activity of the ferrocenyl-derived ruthenium alkylidenes 
obtained. Cyclic voltammetry will be therefore be used to probe the extent of the 
electronic interaction between the ferrocenyl group and the ruthenium centre. 
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              CHAPTER 2 
RESULTS AND DISCUSSION: LIGAND SYNTHESIS 
 
 
2.1 LIGAND SYNTHESIS 
 
2.1.1 Monosubstituted ferrocenylalkenes and ruthenocenylalkenes 
 
2.1.1.1 Introduction 
 
The first step en route to metallocene-derived Grubbs catalysts was the synthesis of 
metallocenyl alkenes (Fig. 2.1). 
 
Fe Ru
vinylferrocene vinylruthenocene
Fe
4-ferrocenylvinylbenzene
1 2 3  
 
Figure 2.1: Metallocenyl alkenes 1, 2 and 3. 
 
A well known approach of introducing carbon-carbon double bonds with good regio- and 
stereoselectivity from carbonyl groups, is a Wittig reaction (Scheme 2.1).1  
 
Fe
CHO
Fesolvent, base
4 1
+ Ph3PO
CH3P(C6H5)3Br
 
 
Scheme 2.1: Wittig reaction of ferrocenecarboxaldehyde 4 with methyltriphenylphosphonium 
bromide (CH3 P+(C6H5)3Br-). 
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 The reactive species in a Wittig reaction is a resonance-stabilized phosphonium 
intermediate called an ‘ylid’, which is generated by abstraction of a hydrogen atom from 
a phosphonium salt by a base (Scheme 2.2).  
 
base
H2C
H
P(C6H5)3
Br
H2C P(C6H5)3 H2C P(C6H5)3
'ylid'
H2C P(C6H5)3
Fc
H
O
H2C
H Fc
O
P(C6H5)3
Fc
+
P(C6H5)3
O
'alkene' triphenylphosphine 
oxide  
 
Scheme 2.2: Generation of an ‘ylid’. The reaction with 4 to form 1. Fc = ferrocenyl.2 
 
The ylid is then reacted with a carbonyl group, in this instance, with 
ferrocenecarboxaldehyde 4 to yield vinylferrocene 1 and triphenylphosphine oxide 
(Ph3PO) as by-product (Scheme 2.2).2 There are three ways of approaching the Wittig 
reaction, namely; (i) the organometallic method that makes use of an organolithium base 
such as n-butyllithium, (ii) the alkoxide method, which is suitable for unstabilized ylids, 
(iii) and the resonance stabilized ylid method that allows reactions in an open 
atmosphere.1 There is growing interest in conducting reactions such as the Wittig in a 
more benign manner. This would involve carrying out the reaction in the absence of an 
organic solvent; other possibilities include the use of ionic liquids and water.3 
 
2.1.1.2 Synthesis and characterization  
 
In light of our interest in developing more environmentally-friendly methods in our 
synthesis, the first attempt to synthesize ferrocenyl alkenes was based on a literature 
method and involved a solvent free synthesis of ferrocenyl-2-phenylethylene 5 (Scheme 
2.3).2  
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 Fe
CHO
Fe
CH
NaOH, grind, no solvent
E/Z isomers
54
PhCH2P(C6H5)3Br
 
 
Scheme 2.3: Solvent-free synthesis of ferrocenyl-2-phenylethylene 5.2 
 
 
The method involved the grinding of 4, which was purchased from Sigma Aldrich, with 
sodium hydroxide and benzyltriphenylphosphonium bromide (PhCH2P+(C6H5)3Br) in a 
mortar, in an open atmosphere. An orange paste was obtained after 3 minutes of 
grinding. This paste was taken up in potassium bromide (KBr) for infrared (IR) analysis. 
A strong band was observed at 1633 cm-1, indicative of a vinylic group (Fig. 2.2). No 
absorption band was observed in the expected carbonyl region of 1695-1715 cm-1.1b 
Absence of a carbonyl stretching frequency in the IR spectrum was evidence that the 
reaction was completed under solvent-free conditions.  
 
 
 
Figure 2.2: An infrared spectrum of the ferrocenyl-2-phenylethylene mixture before work-up. 
 
The crude organic product was then taken up in dichloromethane, dried over anhydrous 
sodium sulfate, filtered and the solvent removed in vacuo to give an orange oil residue. 
The E-ferrocenyl-2-phenylethylene (E) and the Z-ferrocenyl-2-phenylethylene (Z) 
1633 cm-1
Wavenumber cm-1
37 
 isomers were separated on preparative tlc plates. The isolated yields of E (45%) and Z 
(35%) were comparable to those reported in the literature.2  
In addition to IR spectroscopy, 1H NMR spectra of the isolated E and Z isomers showed 
signals in the alkene region between δ 4.65 and 6.80 ppm. Complete consumption of 4 
was further confirmed by the absence of a signal in the carbonyl region between δ 9.7-
10.0 ppm and δ 170-210 ppm in the 1H NMR and 13C NMR spectra respectively. In order 
to correctly assign the E and Z isomers, the coupling constants (J) of their vinylic 
protons, which were expected to be different, were calculated and compared to standard 
coupling constants of vinylic protons (Fig. 2.3). 
 
 
Ha
Hb
Ha Hb
6-12 Hz 12-18 Hz
R R' R
R'
'cis' 'trans'
 
 
Figure 2.3: Standard coupling constants for vinylic protons Ha and Hb.1b 
 
The identity of the E (trans) isomer, a red oil, was confirmed by the coupling constant of 
the vinylic protons which was 16.2 Hz. This value is indicative of trans coupling (Fig. 
2.3). The smaller coupling constant of 11.9 Hz was assigned to the Z (cis) isomer, which 
was obtained as a red solid. This proton-proton coupling appeared as a doublet of 
doublets in each isomer. A typical 1H NMR spectrum for a monosubstituted ferrocene is 
shown in Figure 2.4. The protons in the substituted cyclopentadienyl (Cp) ring are 
observed as two triplets or singlets. In the Z isomer they were observed as singlets at δ 
4.35 and 4.54 ppm, while the protons on the unsubstituted Cp ring appear as a sharp 
singlet at δ 4.20 ppm for all 5 protons. In the 13C NMR spectrum, four expected signals 
were observed between δ 65.0 and 85.0 ppm for the ferrocenyl carbon atoms. One 
signal was assigned to the chemically equivalent carbon atoms on the unsubstituted Cp 
ring; the rest of the signals were assigned the substituted Cp ring.  
38 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4: 1H NMR spectrum of Z-ferrocenyl-2-phenylethylene.  
 
A solvent-free approach was also used for the synthesis of 1 (Scheme 2.1). Overall  
yields were however consistently low (6%). The reported value in the literature was 
quoted in terms of percentage conversion (65%) and an overall yield was not provided.1 
Inferences on the overall yield obtained could therefore not be made. Attempts to 
improve the yields were unsuccessful. Variations included a change of the following: i) 
the base, ii) reaction time, iii) reaction atmosphere. It was then decided to attempt the 
reaction using solvent. The synthesis involved the reaction of sodium amide (NaNH2) 
and methyltriphenylphosphonium bromide (CH3P+(C6H5)3Br-) in anhydrous THF at 0°C. 
This generated an ‘ylid’, identified as a yellow suspension, to which 4 was added. 
Stirring of the reaction mixture at room temperature overnight allowed the phosphonium 
metallocycle intermediate to ‘break down’ to an alkene and triphenylphosphine oxide 
(Scheme 2.2).  
Vinylferrocene 1 was obtained as an orange crystalline solid in yields between 80-85%. 
The expected ferrocenyl peaks were observed in the 1H NMR spectrum of 1 as one 
singlet at δ 4.13 ppm and two singlets at δ 4.20 and 4.38 ppm. The vinylic region was 
different to that observed in 5. A quartet that integrated for one proton was observed at δ 
6.47 ppm and a pair of doublets, each integrating for one proton, was observed at δ 5.04 
and 5.39 ppm (Fig. 2.5).  
 
Fe
HC
HC
39 
   
 
Figure 2.5: 1H NMR spectrum of 1.  
 
The second alkene synthesized was vinylruthenocene 2, derived from ruthenocene-
carboxaldehyde 6. Firstly, 6 was prepared by lithiation of ruthenocene with t-BuOK and t-
BuLi in anhydrous THF at -74°C. Slow addition of anhydrous DMF afforded 6 as a pale 
yellow solid in 14% yield (Scheme 2.4). 
 
Ru
2
Ru Ru
CHO
t-BuOK/t-BuLi
DMF, -74
CH3P(C6H5)3Br
NaNH2, THF
6  
 
Scheme 2.4: Synthesis of 2. 
 
A singlet that integrated for one proton at δ 9.73 ppm was assigned to the aldehydic 
proton. Signals for the ruthenocenyl group were observed as two singlets at δ 4.88 and 
5.10 ppm for the substituted Cp ring and a singlet at δ 4.57 ppm for the five protons of 
the unsubstituted Cp ring. The 13C NMR spectrum supported the assignments above. A 
Wittig reaction was then carried out on 6 to yield 2 as a green solid in 72% yield. The 1H 
NMR and 13C NMR spectra of 2 were analogous to 1. The vinylic signals in 2 however 
CDCl3 
Fe
C
Ha
C
Hc
Hb
40 
 appeared slightly upfield than signals observed in 1, and the ruthenocenyl proton signals 
appeared slightly downfield. Chemical shift values are given in Table 2.1.  
 
1       2                
               vinylic                          δH (ppm)                         δH (ppm) 
2H, quartet       6.47   6.37 
1H, doublet       5.39   5.31 
1H, doublet       5.04   4.92 
                           metallocenyl 
2H, singlet        4.38   4.79 
2H, singlet        4.20   4.58 
5H, singlet        4.13   4.54 
 
Table 2.1: Chemical shift values for protons in 1 and 2. 
 
The final alkene that was synthesized was an arylferrocenyl alkene 3. Two general 
methods have been reported in the literature by Imrie et.al for the synthesis of 
arylferrocenes.4 One of the methods involved a Suzuki cross-coupling reaction of 
iodoferrocene and arylboronic acids. 
 
The second general method involves reaction of a diazonium salt with ferrocene. This 
method was used to generate 4-ferrocenylbenzonitrile 7, a precursor to 4-
ferrocenylbenzaldehyde 8, which would be needed in the synthesis of 3. Compound 7 
was prepared by the reaction of ferrocene with a diazonium salt that was generated from 
4-aminobenzonitrile with sodium nitrite in aqueous HCl (Scheme 2.5a).  
 
Fe
7
16%
NH2
CN
NaNO2, HCl
N2 Cl
CN
Ferrocene
C N
 
 
Scheme 2.5a: Synthesis of 7. 
 
5°C, Water 5°C, Diethyl ether 
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 The diazonium salt is stable at 5 °C, and was therefore added to a solution of ferrocene 
in diethyl ether at 5 °C. The product, 7, was obtained in yields between 16-20%. The 
infrared spectrum of 7 showed a strong band at 2221 cm-1; the aromatic nitrile group 
typically absorbs between 2220-2240 cm-1. The 1H NMR spectrum of 7 was consistent 
with the structure of the product. The five protons of the unsubstituted Cp ring were 
observed as a singlet at δ 4.06 ppm and the protons of the substituted Cp ring appeared 
as two singlets at δ 4.45 and 4.71 ppm. A multiplet between 7.52-7.59 ppm integrated 
for four protons and was assigned to the protons on the phenyl ring. The structural 
integrity of this compound was confirmed with a crystal structure (p.42). 
The nitrile group in 7 was then reduced to the aldehyde derivative 8 using DIBAL or 
Li(OEt)3AlH (Scheme 2.5b).  
 
Fe Fe
CHO
DIBAL or Li(OEt)3H
7 8
70-80%
C N
 
 
Scheme 2.5b: Synthesis of 8. 
 
Both reagents were exploited, but Li(OEt)3AlH was readily accessible and the results 
obtained with it were excellent making it the preferred reagent for future use.  
Li(OEt)3AlH was generated in situ by a reaction of lithium aluminium hydride (LiAlH4) and 
1.5 equivalents of ethylate. In this approach, 3 hydrogens in LiAlH4 are selectively 
replaced by three molecules of ethyl acetate, leaving behind a lithium complex, 
Li(OEt)3AlH, with only one available hydrogen of similar reactivity to DIBAL.5-7 
Compound 7 was therefore added to a suspension of Li(OEt)3AlH at 0 °C and the 
reaction allowed to stir at room temperature for 45 minutes. After work-up, 73% of 8 was 
obtained along with some unreacted 7. No alcohol by-product was detected by infrared 
and 1 H NMR spectra. 
DIBAL is also known as a good agent for the selective reduction of nitriles to aldehydes 
without the risk of producing the alcohol. In another reaction, 7 was dissolved in hexane 
and DIBAL added to it at -70 °C. It was important to maintain this temperature as the 
generated active intermediate was only stable at -70°C The reaction stirred for 30 
minutes at -70 °C and further stirred for 5 hours at room temperature. Work-up 
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 destroyed the excess DIBAL and provided 8 in good yield (70%). The infrared spectrum 
of 8 showed a strong absorption band for the aldehyde carbonyl stretching frequency at 
1703 cm-1. A 1H NMR signal at δ 10.0 ppm and a 13C NMR signal at δ 192.1 ppm 
provided further support for the presence of the carbonyl group. The splitting pattern for 
the ferrocenyl protons in 8 remained the same as that obtained for 7. Signals were 
observed at δ 4.45 and 4.76 ppm, each signal integrated for 2 protons, representing the 
protons on the substituted Cp ring. The five protons of the unsubstituted Cp ring were 
represented by a singlet at δ 4.07 ppm. A difference in the chemical shift of the aromatic 
protons of 8 compared to 7 was noted. The aromatic protons of 8 were observed as a 
doublet of doublets and not a multiplet and had shifted to δ 7.71 ppm with a coupling 
constant of 7.9 Hz.  
A Wittig reaction of 8 with NaNH2 and CH3P+(C6H5)3Br- was carried out for the synthesis 
of 3 (Scheme 2.5c).  
 
Fe
CHO
Fe
NaNH2, THF
8 3
85%
CH3P(C6H5)3Br
 
 
Scheme 2.5c: Synthesis of 3. 
 
In the 1H NMR spectrum, ‘disappearance’ of a signal at δ 10.0 ppm marked the 
successful reaction of 8 with the ylid. New signals that appeared in the alkene region 
between δ 4.65-6.80 ppm indicated the presence of a vinylic group. Once again the 
ferrocenyl protons were found in similar regions to other monosubstituted ferrocene 
compounds that have been discussed already. A doublet of doublets at 7.36 ppm with J 
= 8.3 Hz was observed in the aromatic region. An interesting but expected observation 
that has not been discussed thus far is the coupling of the vinylic protons  
for the alkenes 1, 2, and 3 (Fig. 2.6). A monosubstituted vinyl group as in 3 (Fig. 2.6) 
shows a characteristic quartet for one of the protons and additional signal as a result of 
geminal coupling.8 To correctly assign the signals in the alkene region, it is essential to 
work out the J values. Using 3 as an example; a quartet that integrated for one proton at 
δ 6.73 ppm with J = 10.9  Hz (cis coupling), was assigned to Hc.  
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Figure 2.6: 1H NMR spectrum of 3. 
 
The COSY spectrum showed that Hc coupled with both Ha and Hb (Fig. 2.7). The two 
doublets at δ 5.25 and 5.77 ppm each integrated for one proton and these were 
assigned to Ha and Hb.  In 3, the two doublets had a similar splitting constant, J = 0.6 Hz 
for Ha and Hb. In 1 and 2, the J values were greater than 12 Hz for Ha and less than 12 
Hz for Hb.  
 
 
Figure 2.7: A COSY spectrum of 3. 
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 2.1.1.3 Crystallographic data of 3 and 7. 
 
Orange crystals of 7 were grown by slow evaporation from dichloromethane-hexane 
solution. All non-H atoms were refined anisotropically. The aromatic H atoms were fixed 
geometrically and were refined using a riding model, with C–H = 0.95 Å and Uiso = 1.2 x 
Ueq(C). The structure was refined successfully with R = 0.0258.  The ORTEP drawing of 
7, shown in Figure 2.8 confirms its molecular structure.  
 
 
 
 
 
 
 
 
 
 
Figure 2.8: ORTEP drawing of 7. 
 
Selected bond lengths, bond angles, torsion angles and other molecular parameters are 
listed in Tables 2.2 and 2.3.  
 
Table 2.2: Selected bond distances, bond angles and torsion angles of 7.  
 
 
 
 
 
 
 
 
 
  N(1)-C(1)-C(2)          177.89(19) 
  C(7)-C(2)-C(1)          119.54(16) 
  C(7)-C(6)-C(5)          121.34(16) 
  C(6)-C(7)-C(2)          119.38(16) 
  C(6)-C(5)-C(8)          120.17(15) 
  C(6)-C(5)-C(4)          118.38(15) 
 
  C(11)-C(10)-C(9)       108.14(15) 
  C(10)-C(9)-C(8)         107.90(14) 
  C(11)-C(12)-C(8)       108.04(15) 
  C(12)-C(8)-C(9)         107.61(14) 
  C(12)-C(8)-C(5)         126.19(15) 
 
  C(14)-C(13)-C(17)     108.42(16) 
  C(13)-C(17)-C(16)     107.59(15) 
  C(13)-C(14)-C(15)     107.85(15) 
  C(15)-C(16)-C(17)     108.16(16) 
  C(16)-C(15)-C(14)     107.98(15) 
C(1)-N(1)         1.151(2) 
C(1)-C(2)         1.442(2) 
C(5)-C(6)         1.397(2) 
C(6)-C(7)         1.384(2) 
C(5)-C(8)         1.471(2) 
 
 
C(9)-C(8)         1.436(2) 
C(10)-C(9)       1.426(3) 
C(10)-C(11)     1.425(2) 
C(12)-C(11)     1.423(2) 
C(12)-C(8)       1.434(2) 
 
C(13)-C(14)     1.417(2) 
C(14)-C(15)     1.421(3) 
C(16)-C(15)     1.420(2) 
C(17)-C(16)     1.422(2) 
C(13)-C(17)     1.421(3) 
       N(1)-C(1)-C(2)-C(7)        -47(5) 
       N(1)-C(1)-C(2)-C(3)         131(5) 
       C(6)-C(5)-C(8)-C(12)       31.7(2) 
       C(6)-C(5)-C(8)-C(9)        -147.11(16) 
       C(8)-C(5)-C(4)-C(3)      0.90 (18) 
C(6)-C(5)-C(4)-C(3) -178.57 (14)
Bond distances Bond angles Torsion angles 
45 
  
 
Compound 7 has a monoclinic crystal system with a P21/c space group. The 
cyclopentadienyl rings are in very close eclipsed geometry, as evidenced by the 
Cn···Cg1···Cg2···Cn+5 (n = 8-12) torsion angles with minimum of 0.0° and maximum of 
0.5°, similar to the geometry in the structure of 4-ferrocenylbenzoic acid.9  
The Fe1-C bond lengths, for the η5(C5H4) ring are in the range 2.0445(15)-2.0491(16) Å, 
similar to those of the η5(C5H5) ring, with a range of 2.0415(17)-2.0514(16) Å. The 
Fe1···Cg1 and Fe1···Cg2 distances are 1.6442(7) and 1.6512(8) Å respectively (1.647(2) 
and 1.642(2) for 4-ferrocenylbenzoic acid), and the Cg1···Fe1···Cg2 angle is 179.19(4)°. 
 
 
Table 2.3:  Crystal data and structure refinement of 3 and 7. 
    Compound 7   Compound 3 
 
Empirical formula                  C17 H13 Fe N                C18 H16 Fe 
Formula weight                           287.13                             288.16 
Temperature                        113(2) K                113(2) K 
Wavelength                         0.71073 A                                    0.71073 A 
Crystal system                  monoclinic                                    Orthorhombic 
Space group                     P21/c                                            Pbca 
Unit cell dimensions 
a (Å)                                            16.43830(10)    9.83830(10) 
b (Å)                                            10.2018(2)    7.98580(10) 
c (Å)                                             7.6766(3)    34.8313(6) 
α (°)                                              90                                                90 
β (°)                                              98.6210(10)     90 
γ  (°)                                             90      90 
Volume (Å3)                              1272.82(6)                                  2736.58(6) 
Z                                                   4    8 
Calculated density (Mg/m3)          1.498      1.399 
Absorption coefficient (mm-1)       1.167       1.084 
Extinction coefficient               0.0057(16)     0.0008(2) 
Crystal size                         0.18 x 0.18 x 0.12 mm               0.07 x 0.07 x 0.04 
 
Reflections       35473 / 2498    32707 / 2582 
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 collected / unique                         [R(int) = 0.0610]               [R(int) = 0.0979] 
Goodness-of-fit on F^2               1.071     0.966 
Final R indices [I>2sigma(I)]        R1 = 0.0258, wR2 = 0.0646  R1 = 0.0297, wR2 = 0.0645 
R indices (all data)                        R1 = 0.0338, wR2 = 0.0673  R1 = 0.0579, wR2 =0.0719 
  
Orange crystals of 3 were grown by slow evaporation from a dichloromethane-hexane 
solution. All non-H atoms were refined anisotropically. All hydrogen atoms were fixed 
geometrically and were refined using a riding model, with C–H = 0.95 Å and Uiso = 1.2 x 
Ueq(C). The structure was refined successfully with R = 0.0297. The parameters for 
crystal data collection and structure refinements are in Table 2.3. Selected bond lengths, 
bond angles, torsion angles are provided in Table 2.4. The ORTEP drawing shown in 
Figure 2.9 confirms the molecular structure of 3. Compound 3 has an orthorhombic 
crystal system that belongs with a Pbca space group. The ferrocenyl moiety is also 
nearly eclipsed. The Fe1-C bond lengths for the η5(C5H4) ring are in the range 
2.0304(16)-2.0527(18) Å, similar to those of the η5(C5H5) ring, with a range of 2.033(2)-
2.040(2) Å. The Fe1···Cg1 and Fe1···Cg2 distances are 1.6440(9) and 1.6465(10) Å 
respectively and the Cg1···Fe1···Cg2 angle is 179.62(5)°, where Cg1 and Cg2 are the 
centroids of the η5(C5H4) and η5(C5H5) rings, respectively. 
 
 
 
 
 
 
 
 
 
 
Figure 2.9: ORTEP drawing of 3. 
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 Table 2.4: Selected bond distances, bond angles and torsion angles of 3. 
            
 Bond distances    Bond angles                         Torsion angles                              
    
             
 
 
 
 
 
 
 
The cyclopentadienyl rings in 3 deviate slightly from an eclipsed geometry, with the 
Cn···Cg1···Cg2···Cn+5 (n = 9-13) torsion angles ranging from 10.1° to 10.5°, similar to 
the geometry in 4-cyano-4'-ferrocenylbiphenyl compound with the respective angles 
ranging from 7.8° to 8.1°.10 The interplanar angle between the substituted Cp ring and 
the phenyl ring is 8.05(13)° Å. The bond distance for C(9)-C(6) is 1.475 (3), similar to 
that in 7 (C(9)-C(6), 1.471 (2)), while the C(3)-C(2) bond distance in 3 (1.471 (3)) is 
slightly longer than that in 7. The double bond distance C(2)-C(1) is 1.312 (3).    
 
2.1.1.4 Electronic Spectroscopy 
 
A UV-visible spectrum of selected ferrocenyl alkenes was recorded using 10-2 M 
solutions in acetonitrile and compared to ferrocene. Ferrocene showed two absorption 
bands, the first, a lower energy weak absorption at 325 nm and the second a higher 
energy intense band at 445 nm. These bands have been assigned to the 1A2g →1E2g and 
1A1g →1E1g d-d transitions (Fig. 2.10).11 The ferrocenyl bands in 1 were observed at 
slightly longer wavelengths of λmax 338 and 447 nm (Fig. 2.11, Table 2.5). These 
absorption bands were shifted to even longer wavelengths in 3 at λmax 359 and 451 nm. 
Shifts to longer wavelengths (bathochromic shifts) are to be expected where there is an 
C(1)-C(2)-C(3)           127.7(3) 
C(8)-C(3)-C(2)           123.5(2) 
C(7)-C(8)-C(3)           121.2(2) 
C(8)-C(7)-C(6)           121.3(2) 
C(7)-C(6)-C(9)           121.16(18) 
C(11)-C(10)-C(9)       107.82(18) 
 
C(11)-C(12)-C(13)     107.74(18) 
C(12)-C(11)-C(10)     108.61(18) 
C(12)-C(13)-C(9)       108.70(18) 
C(13)-C(9)-C(10)       107.11(17) 
C(13)-C(9)-C(6)         126.52(18) 
 
C(16)-C(17)-C(18)     108.15(19) 
C(16)-C(15)-C(14)     107.5(2) 
C(17)-C(16)-C(15)     108.61(19) 
C(15)-C(14)-C(18)     108.2(2) 
C(17)-C(18)-C(14)     107.53(19) 
  C(2)-C(1)          1.312(3) 
  C(3)-C(2)          1.471(3) 
  C(8)-C(3)          1.394(3) 
  C(8)-C(7)          1.382(3) 
  C(6)-C(7)          1.399(3) 
  C(9)-C(6)          1.475(3) 
 
  C(10)-C(11)      1.426(3) 
  C(10)-C(9)        1.434(3) 
  C(12)-C(11)      1.417(3) 
  C(12)-C(13)      1.420(3) 
  C(13)-C(9)        1.431(3) 
 
  C(17)-C(16)      1.407(3) 
  C(17)-C(18)      1.409(3) 
  C(15)-C(16)      1.408(3) 
  C(15)-C(14)      1.413(3) 
  C(14)-C(18)      1.419(3) 
 C(8)-C(3)-C(2)-C(1)          -2.5(4) 
 C(4)-C(3)-C(2)-C(1)           177.3(3) 
 C(3)-C(8)-C(7)-C(6)           0.0(3) 
 C(13)-C(9)-C(6)-C(7)         7.9(3) 
 C(10)-C(9)-C(6)-C(7)       -171.10(19) 
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 increase in conjugation length. The energy difference in the HOMO and LUMO orbitals 
increase with an increase in conjugation.12 
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Figure 2.10: UV-vis spectrum of ferrocene in acetonitrile. 
 
More bands were observed at wavelengths lower than 300 nm and in the UV region, 
these were assigned to the π - π* transitions of the vinyl groups in 1 and 3 as well as the 
aromatic group in 3. The molar extinction coefficients of both 1 and 3 were also higher 
than that of ferrocene, indicating a shift to higher transitions (Table 2.5).  
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Figure 2.11: UV-vis spectra of 1, 3 and ferrocene. 
 
Table 2.5: UV-vis data for 1, 3 and ferrocene in acetonitrile.  
 
           Compound                      Wavelength (λmax/nm) [Extinction coefficient (L.mol-1.cm-1)] 
           Ferrocene        325 [4.69]          445 [7.93] 
           1            338 [34]                           447 [18]          
           3           359 [160]      451 [50]     
                   
 
 
2.1.1.5 Cyclic Voltammetry 
 
The redox behaviour of vinylferrocene 1 and 4-ferrocenylvinylbenzene 3, which will 
become useful in the study of redox complexes later in this discussion, was carried out 
using cyclic voltammetry. Ferrocene was used as a standard to which 1 and 3 were 
compared and its redox profile was observed as a one-electron reversible wave at 465 
mV (Fig. 2.12). The cyclic voltammograms were recorded in degassed acetonitrile under 
an inert atmosphere. Tetrabutylammonium perchlorate (1 x 10-3 M) was used as the 
background electrolyte; the auxillary electrode was a platinum wire, the working 
electrode a platinum disk and the reference electrode was Ag/AgCl. The oxidation-
reduction potentials are shown in Table 2.6. 
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Figure 2.12: CV of ferrocene measured in CH3CN containing 0.1 M [nBu4N]ClO4 at a Pt electrode 
with a scan rate of 100 mVs-1 with Ag/AgCl. 
 
Both ferrocenyl alkenes 1 and 3 showed a one-electron reversible wave (Fig. 2.13).  The 
E1/2 of 1 was observed at 474.5 mV, a +9.5 mV shift compared to that of ferrocene (465 
mV), while that of 3 was observed at 499 mV (+34 mV shift) (Table 2.6). The phenyl ring 
is electron withdrawing and could explain the increase in magnitude of the ferrocene 
potential (+25 mV shift) of 3 versus 1.These positive shifts in potential indicate reduced 
electron density at the iron centre as the vinyl group or p-vinylphenyl is introduced onto 
the ferrocenyl group. 
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Figure 2.13: CVs of 1, 3 and ferrocene, measured in CH3CN containing 0.1 M [nBu4N]ClO4 at a 
Pt electrode with a scan rate of 100 mVs-1 with Ag/AgCl. 
 
 
Table 2.6: Oxidation (Epa)-reduction (Epc) potentials of 1,3 and ferrocene, measured in CH3CN 
containing 0.1 M [nBu4N]ClO4 at a Pt electrode with a scan rate of 100 mVs-1 with Ag/AgCl. 
 
    Compound  Epa (mV)  Epc (mV)  E1/2 (mV) 
Ferrocene         527           403          465 
             1          534           415          474.5 
             3          556           443          499.5 
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2.1.2 1,1’-Disubstituted ferrocenyl ligands 
 
2.1.2.1 Synthesis and characterization of 1,1’-disubstituted ferrocenyl ligands 
 
Our targeted 1,1-disubstituted ferrocenyl ligands were to be synthesized from 1,1’-
ferrocenedicarboxaldehyde 9. This compound is not commercially available and the 
available literature methods were found to be inefficient, low yielding (<10%) and 
tedious.13,14 A modification of these literature methods by Loubser was found to be better 
with yields of between 34-40% (Scheme 2.6a).15 The method involved generation of a 
lithium-TMEDA complex under an inert atmosphere by reacting n-butyllithium with 
TMEDA at room temperature. Ferrocene was then added to this mixture, followed by a 
slow addition of anhydrous DMF over 30 minutes at -78°C to yield 9 as a red crystalline 
solid. The best yield in our hands was 50%, obtained after lengthening the period of 
DMF addition to 2 hours.  
 
Fe TMEDA/n-BuLi
diethyl ether
Fe
LiTMEDA
LiTMEDA
DMF/diethyl ether Fe
CHO
CHO
9  
 
Scheme 2.6a: Synthesis of 9. 
 
The infrared spectrum of 9 indicated the presence of the formyl group with major 
absorption bands at 3101 and 1668 cm-1. In the 1H NMR spectrum, an intense singlet at 
δ 9.95 ppm was assigned to the two protons of the formyl groups. Symmetry in 9 
resulted in the two protons resonating at the same chemical shift. Two singlets of the 
same height that integrated for four protons each were observed at δ 4.68 and 4.90 
ppm. These were assigned to protons in each of the substituted Cp rings. The 13C NMR 
spectrum showed a signal at δ 193.2 ppm for the formyl group and the symmetry in the 
molecule was accounted for by the three signals observed in the ferrocene region.  
The interest in 9 was to generate a 1,1’-disubstituted ferrocenyl ligand with one alkene 
functionality. The second formyl group was to be left unreacted for substitution of 
different functional groups at a later stage. As a result, protection of one formyl group in 
-78°C 
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 9 was carried out. This was done by heating, under reflux, a solution of 9 in anhydrous 
diethyl ether with 20 equivalents of ethylene glycol and a catalytic amount of p-
toluenesulfonic acid, generating 10 as a red oil in 65% yield (Scheme 2.6b).16 
Fe
CHO
CHO
Fe
CHO
O
O
ethylene glycol/diethyl ether
p-toluenesulfonic acid
9 10
 
Scheme 2.6b: Synthesis of 10. 
 
In an attempt to improve this yield, the molar equivalents of ethylene glycol were varied 
between 15 and 19. This dropped the yield to below 65% and increased the amount of 
unreacted 9. An increase to 25 equivalents of ethylene glycol improved the yield to 78% 
with insignificant amounts of unreacted 9. It is possible that steric factors play a role in 
this reaction. Once one formyl group is ‘attacked’ by a molecule of ethylene glycol, steric 
congestion would prevent further attack of the other formyl group. The 1H NMR spectrum 
of 10 showed a singlet at δ 9.98 ppm that integrated for one proton and was assigned to 
the formyl group. The methylene proton Ha appeared at δ 5.64 ppm as a singlet. Two 
doublets appeared at δ 4.08 and 4.36 ppm with J = 0.14 and 0.12 Hz respectively. Each 
doublet was assigned to the geminal protons Hb and Hc (Fig. 2.14).  
Fe
CHO
O
OHa Hb
Hb
Hc
Hc
 
 
Figure 2.14: 1H NMR assignments of 10. 
 
Each of the Cp rings has two sets of chemically equivalent protons α, β and α’, β’ 
protons and this was reflected on the 1H NMR spectrum by four broad singlets that 
appeared at δ 4.65, 4.69, 4.84 and 4.90 ppm. Signals for the 10 carbon atoms in the 
ferrocenyl group in the 13C NMR spectrum also gave evidence of the plane of symmetry 
in the molecule.  
αβ 
β' α' 
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 A Wittig reaction on 10 afforded an alkene derivative 11 in good yield (76%) (Scheme 
2.6c).  
Fe
CHO
O
O
Fe O
O
CH3(Ph)3PBr/NaNH2
THF
10 11  
Scheme 2.6c: Synthesis of 11. 
 
Successful conversion of the carbonyl group to an alkene was confirmed by a quartet 
and two doublets in the alkene region. The signal for the methylene proton in the 
protecting group appeared slightly downfield at δ 5.73 ppm to that observed in 10 at δ 
5.64. The geminal protons Hb and Hc protons appeared as multiplets and were shifted 
slightly upfield to δ 3.96 and 4.02 ppm compared to the two doublets at δ 4.36 and 4.08 
ppm in 10. The multiplet could be due to a long-range coupling with the vinylic protons 
and the upfield shifts a result of the partial shielding by the electron density cloud from 
the carbon-carbon double bond. Signals for the ferrocenyl protons appeared as four 
singlets also slightly upfield to those observed in 10. The overall upfield shifts in 11 
(except for the methylene proton) reflects the shielding of protons on the molecule as a 
result of the vinyl group. The 13C NMR spectrum supported the above spectral 
assignments. The acetal group in 11 was removed by hydrolysis (Scheme 2.6d). 
Fe O
O
Fe
CHO
10% oxalic acid
silica gel/ dichloromethane
11 12  
 
Scheme 2.6d: Synthesis of 12. 
 
Initial hydrolysis methods involved heat and were found to be harsh and as a result low 
yielding.1b A milder approach that we eventually applied in our synthesis involved 
addition of 11 in dichloromethane to a suspension of silica gel in dichloromethane and 
10% aqueous solution of oxalic acid.17 This provided 12 as a red viscous oil in 98% 
yield. The alkene region in the 1H NMR and 13C NMR spectra of 12 was similar to that of 
11. An additional signal was observed at δH 9.92 ppm, indicative of an aldehydic proton, 
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 and the corresponding carbonyl signal was observed in the 13C NMR spectrum at δC 
194.1 ppm. The ferrocenyl signals were still observed as four singlets (Fig. 2.15). No 
methylene signal was observed at δ 5.64 ppm, marking the successful removal of the 
protecting group. 
 
Figure 2.15: 1H NMR spectrum of 12.  
 
A carbonyl group is highly reactive and can be converted into other functional groups 
such as alcohols, carboxylic acids and imines. Our interest in 12 was to convert the 
remaining formyl group into an imine, therefore generating a potential bidentate ligand 
(N-donor/alkene) for ruthenium alkylidenes in olefin metathesis (Scheme 2.6e).  
 
Fe
CHO
Fe
X = Cl (a), Br (b), F (c), 
CH3 (d).
4-NH2ArX
diethyl ether, reflux
12 13
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Scheme 2.6e: Synthesis of imine derivatives 13. 
 
As part of ongoing work on solvent-free synthesis of ferrocenyl derivatives (see 
introduction, pg 17), the synthesis of imine derivatives of 12 was first attempted via a 
solvent-free reaction.18 In that reaction, 1.5 equivalents of a p-substituted aniline was 
added to 12 and ground for a few minutes. The resulting oil residue was placed on 
Fe
OHC
H
H
H
CDCl3 
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 sodium chloride plates to obtain an infrared spectrum; thereafter a 1H NMR spectrum 
was obtained in D6-acetone. Both spectra showed the presence of the imine group as  
well as the carbonyl group and the unreacted aniline. Incomplete conversion probably 
arose due to technical difficulties of the reaction. Compound 12 is a viscous oil that is 
difficult to weigh especially when working with small quantities. A solvent therefore had 
to be used to transfer 12 into a pre-weighed round bottom flask. After the solvent was 
removed under vacuum, the oil remained on the sides of the flask making it difficult for 
the added aniline to be efficiently mixed and ground with all the oil present. It was 
however comforting to learn that the reaction took place to an extent, under solvent-free 
conditions. Because of the problems just mentioned, a reaction in solvent was therefore 
conducted. In this instance, 1.05 equivalents of the aniline and 12 were heated under 
reflux in anhydrous diethyl ether and anhydrous sodium sulfate for at least 72 hours. 
After removal of the solvent, the oil obtained was washed several times with minimal 
cold anhydrous diethyl ether or warm water (<50°C) and afforded 13 as a red solid. The 
anilines used were 4-chloroaniline (a), 4-bromoaniline (b), 4-fluoroaniline (c), and 4-
methylaniline (d), to yield the corresponding ferrocenylimine derivatives 13a-13d in 80-
85% yield. A typical spectrum is shown in Figure 2.16. 
 
.  
 
Figure 2.16: 1H NMR spectrum of 13a, X = Cl. 
 
In the 1H NMR spectrum of 13a-13d, a quartet and two doublets that were observed in 
the alkene region confirmed the presence of an alkene group. No signal in the carbonyl 
region (δ 9.00-10.00 ppm) was observed. A singlet at δ 8.39 ppm, characteristic of an 
Fe
Cl N
H
H
H
H
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 imine (HC=N) proton, was observed for all derivatives. The effect of a change in 
electronegativity of the p-substituent on the phenyl ring (Cl<Br<F) on the chemical shift 
of the imine protons was negligible. The 13C NMR spectrum also gave evidence of the 
imine group at δ 162.3 ppm, and a notable absence of the carbonyl group at δ 194.1 
ppm. Also, the presence of the vinylic carbon atoms between δ 112 and 140 ppm were 
noted. These compounds were further characterized using other spectroscopic and 
electrochemical methods.  
 
2.1.2.2 Crystallographic data of 13a and 13d. 
 
Red crystals of 13a were grown by layering with dichloromethane and hexane. All 
hydrogen atoms were fixed geometrically and were refined using a riding model, with C–
H = 0.95 – 0.98 Å and Uiso = 1.2 -1.5 x Ueq(C). The structure was refined successfully 
with R = 0.0244.  The bond lengths, angles, torsion angles and other molecular 
parameters are in Table 2.7. The parameters for crystal data collection and structure 
refinements are in Table 2.8. 
The ORTEP drawing shown in Figure 2.17 confirms the molecular structure of 13a. 
Compound 13a crystallizes in a monoclinic crystal system that belongs to a P21 space 
group.  
 
 
Figure 2.17a: ORTEP diagram of 13a. 
 
The cyclopentadienyl rings deviate from an eclipsed conformation, torsion angles 
Cn···Cg1···Cg2···Cn+10 (n = 11-15) range from -2.4° to -2.8° where Cg1 and Cg2 are the 
centroids of the C11-C15 and C21-C25 rings, respectively. A syn-conformation with 
respect to the ancillary ligands on the cyclopentadienyl rings and an almost coplanar 
arrangement of the phenyl ring with the cyclopentadienyl ring is observed. This is similar 
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 to the geometry of the 1,1’-vinylene-phenylene p-nitrile substituted ferrocene compound 
reported by Mata et al.19The interplanar angle between the C11-C15 and C21-C25 
cyclopentadienyl rings is 46.21(8)°,  the Fe1···Cg1 and Fe1···Cg2 distances are 1.651(1) 
Å and 1.648(1) Å and the Cg1···Fe1···Cg2 angle is 178.18(6)°. The C1-C2 bond distance 
is 1.325 (3) Å, slightly longer than that observed for 3 (Fig. 2.9, 1.312 (3) Å). The crystal 
packing of 13a (Fig. 2.17b) show no intra molecular π-stacking between the ancillary 
ligands. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.17b: Crystal packing of 13a, projection viewed along [100]. 
 
 
Table 2.7: Selected bond distances, bond angles and torsion angles of 13a. 
 
Bond distances       Bond angles                         Torsion angles                              
    
             
 
 
 
 
 
 
C(2)-C(1)-C(25)         125.3(2) 
C(1)-C(25)-C(24)       128.1(2) 
C(24)-C(25)-C(21)     106.1(2) 
C(23)-C(24)-C(25)     109.1(2) 
C(24)-C(23)-C(22)     108.2(2) 
C(21)-C(22)-C(23)     107.9(2) 
C(22)-C(21)-C(25)     108.7(2) 
 
C(6)-C(7)-C(10)         121.2(2) 
C(5)-C(6)-C(7)           121.5(2) 
C(6)-C(5)-C(4)           120.4(2) 
C(3)-N(1)-C(4)           117.80(18) 
N(1)-C(3)-C(11)         121.7(2) 
C(12)-C(11)-C(3)       126.43(19) 
C(12)-C(11)-C(15)     107.15(19) 
C(13)-C(12)-C(11)     108.6(2) 
C(12)-C(13)-C(14)     107.6(2) 
C(15)-C(14)-C(13)     108.6(2) 
C(14)-C(15)-C(11)     108.02(19) 
 
  C(1)-C(2)          1.327(3) 
  C(1)-C(25)        1.456(3) 
  C(21)-C(25)      1.445(4) 
  C(21)-C(22)      1.419(3) 
  C(22)-C(23)      1.422(3) 
  C(23)-C(24)      1.414(3) 
  C(24)-C(25)      1.432(3) 
 
  C(7)-C(10)        1.504(3) 
  C(7)-C(8)          1.395(4) 
  C(8)-C(9)          1.373(3) 
  C(9)-C(4)          1.389(3) 
  C(4)-N(1)          1.425(3) 
  N(1)-C(3)          1.282(3) 
  C(3)-C(11)        1.456(3) 
  C(11)-C(12)      1.430(3) 
  C(12)-C(13)      1.419(3) 
  C(13)-C(14)      1.423(3) 
  C(14)-C(15)      1.416(3) 
 C(10)-C(7)-C(8)-C(9)        -179.2(2) 
 C(3)-N(1)-C(4)-C(9)           137.9(2) 
 C(4)-N(1)-C(3)-C(11)         173.81(19) 
 N(1)-C(3)-C(11)-C(12)       178.3(2) 
 N(1)-C(3)-C(11)-C(15)      -10.8(3) 
 C(2)-C(1)-C(25)-C(24)       20.1(4) 
 C(2)-C(1)-C(25)-C(21)      -162.7(2) 
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Table 2.8:   Crystal data and structure refinement of 13a and 13d. 
       
Compound 13a   Compound 13d 
 
Empirical formula                    C19 H16 Cl Fe N  C20 H19 Fe N 
Formula weight                        349.63 329.21 
Temperature                           113(2) K 113(2) K 
Wavelength                               0.71073 A     0.71073 A 
Crystal system                          Monoclinic     Triclinic 
Space group                             P21      P1 
Table 2.8 cont...   
Compound 13a   Compound 13d 
Unit cell dimensions 
a (Å)                  5.74190(10)    5.93720(10)   
b (Å)           7.6685(2)   10.89850(10) 
c (Å)     17.5817(5)   12.3436(2) 
α (°)                 90    77.3280(10) 
β (°)                 92.1790(10)   82.5830(10) 
γ  (°)                  90    88.8860(10) 
Volume  (Å3)                                 773.59(3)   772.704(19) 
Z       2    2 
Calculated density  (Mg/m3)         1.501    1.415 
Absorption coefficient  (mm-1)     1.142    0.971 
Crystal size                       0.12 x 0.05 x 0.02  0.12 x 0.06 x 0.04 mm 
Reflections                 22577 / 2909   24614 / 5689 
Collected / unique                       [R(int) = 0.0361] 
Goodness-of-fit on F^2                1.024    1.051 
Final R indices [I>2sigma(I)]        R1 = 0.0273, wR2 = 0.0479 R1 = 0.0244, wR2 = 0.0527 
R indices (all data)                       R1 = 0.0356, wR2 = 0.0497 R1 = 0.0285, wR2 = 0.0543 
 
 
Red crystals of 13d were grown by layering with dichloromethane and hexane. All 
hydrogen atoms were fixed geometrically and were refined using a riding model, with C–
H = 0.95 – 0.98 Å and Uiso = 1.2 -1.5 x Ueq(C). The structure was refined successfully 
with R = 0.0244.  The parameters for crystal data collection and structure refinements 
are in Table 2.8. The bond lengths, angles, torsion angles and other molecular 
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 parameters are in Table 2.9. The ORTEP diagram shown in Figure 2.18 confirms the 
molecular structure of 13d. 
Compound 13d has a triclinic cystal system that belongs to a P1 space group, and 
shows an asymmetric unit cell. The interplanar angle between the C11-C15 and C4-C9 
rings is 53.36(7)° for molecule A and 54.01(9)° for molecule B. Fe1···Cg1 and Fe1···Cg2 
distances are 1.651(1) Å and 1.652(1) Å for molecule A and 1.652(1) Å and 1.651(1) Å 
for molecule B. The Cg1···Fe1···Cg2 angle is 177.07(5)° for molecule A and 
177.40(5)° for molecule B. The Cn···Cg1···Cg2···Cn+10 (n = 11-15) torsion angles range 
between -16.0° to -16.7° for molecule A and -15.5° to -16.1° for molecule B where Cg1 
and Cg2 are the centroids of the C11-C15 and C21-C25 rings, respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.18: ORTEP diagram of 13d. 
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 Table 2.9: Selected bond distances, bond angles and torsion angles of 13d.   
  
Bond distances       Bond angles                         Torsion angles                              
    
             
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C(2)-C(1)-C(11)         125.6(2) 
C(1)-C(11)-C(12)       127.4(2) 
C(13)-C(12)-C(11)     108.3(2) 
C(12)-C(13)-C(14)     108.0(2) 
C(15)-C(14)-C(13)     107.9(2) 
C(14)-C(15)-C(11)     108.7(2) 
C(12)-C(11)-C(15)     107.1(2) 
 
Cl(1)-C(7)-C(8)          119.8(2) 
C(6)-C(7)-C(8)           120.7(2) 
C(5)-C(6)-C(7)           119.7(2) 
C(6)-C(5)-C(4)           121.1(2) 
C(5)-C(6)-C(7)           119.7(2) 
C(5)-C(4)- N(1)          117.7(2) 
N(1)-C(3)-C(21)         123.5(2) 
C(22)-C(21)-C(3)       128.1(2) 
C(23)-C(22)-C(21)     108.0(16) 
C(22)-C(23)-C(24)     108.1(2) 
C(25)-C(24)-C(23)     108.4(2) 
C(24)-C(25)-C(21)     108.2(2) 
C(25)-C(21)-C(22)     107.3(2) 
 
  C(1)-C(2)          1.325(3) 
  C(1)-C(11)        1.462(3) 
  C(11)-C(15)      1.428(3) 
  C(15)-C(14)      1.415(3) 
  C(14)-C(13)      1.424(3) 
  C(13)-C(12)      1.421(3) 
  C(12)-C(11)      1.428(3) 
 
  Cl(1)-C(7)         1.742(3) 
  C(7)-C(8)          1.385(3) 
  C(8)-C(9)          1.382(3) 
  C(9)-C(4)          1.399(3) 
  C(5)-C(4)          1.393(3) 
  C(5)-C(6)          1.375(3) 
  C(7)-C(6)          1.383(3) 
  N(1)-C(4)          1.426(3) 
  N(1)-C(3)          1.282(3) 
  C(3)-C(21)        1.454(3) 
  C(21)-C(22)      1.429(3) 
  C(22)-C(23)      1.416(3) 
  C(23)-C(24)      1.417(3) 
  C(24)-C(25)      1.409(3) 
  C(25)-C(21)      1.428(3) 
 C(2)-C(1)-C(11)-C(12)      -9.9(4) 
 C(4)-N(1)-C(3)-C(21)        -177.0(2) 
 C(3)-N(1)-C(4)-C(5)          -147.3(2) 
 N(1)-C(4)-C(5)-C(6)          -179.2(2) 
 N(1)-C(3)-C(21)-C(25)      -171.0(2) 
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2.1.2.3 UV-vis spectroscopy 
 
The two major ferrocene bands in 9 appeared at λmax 372 and 467 nm, and on 
introduction of the vinylic group in 12, slightly shorter wavelengths were observed at λmax 
344 and 461 nm (Fig. 2.19). More transitions were observed between 275 nm and 300 
nm, these were assigned to the forbidden n(p) - π* transitions of the carbonyl group. An 
overlap of these transitions with π - π* transitions of the vinyl group in 12 is possible as 
these transitions are also observed at wavelengths lower than 300 nm. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.19:  UV-vis spectra of 9 and 12 in CH3CN. 
 
Transitions for 13a, 13b, and 13d appeared at longer wavelengths than ferrocene (Fig. 
2.20). The λmax in 13a and 13b was similar but higher than in 13d, reflecting the effect of 
the electron donating and electron withdrawing groups (Table 2.10) on the imine group 
and consequently on ferrocene. The λmax of 1,1’-disubstituted ferrocenyl derivatives 
given in Table 2.10 was generally higher than that observed for monosubstituted 
ferrocenyl derivatives 1 and 3. The imine group has an overall electron withdrawing 
effect on the iron centre therefore enhancing the bathochromic shifts brought about by 
vinylic groups. 
 
9
Fe
CHO
12
Fe
CHO
CHO
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Figure 2.20: UV-vis spectra of 13a, 13b, 13d in CH3CN. 
 
 
Table 2.10: Wavelength and molar extinction coefficients for 9, 12, 13a, 13b, 13d in CH3CN. 
 
  Compound        Wavelength (λmax/nm) [Extinction coefficient (L.mol-1.cm-1)] 
    9     467 [52]    372 [167] 
    12     461 [46]    344 [111] 
    13a     476 [98]                364 [229] 
    13b     468 [103]              369 [245] 
    13d     461 [90]                361 [267] 
 
 
2.1.2.4 Cyclic voltammetry 
 
The cyclic voltammetric studies of 1,1’-disubstituted ferrocenyl compound discussed 
were carried out under the same conditions as for the monosubstituted ferrocenyl 
alkenes 1 and 3. Measured against ferrocene (465 mV), the two formyl groups in 9 
greatly reduced electron density at the iron centre as observed by the positive shift in 
E1/2 to 1005 mV (Table 2.11, Fig. 2.21). The magnitude of the weakly electrophilic alkene 
in 12 could be amounted to 253 mV given the negative shift in potential to an E1/2 of 752 
mV. These values correspond to observations made in the spectroscopic results in 
Table 2.9. More electron density appeared to be shifted towards the ferrocene centre for 
Fe XN
X =            Cl    (13a) 
 
                  Br   (13b)  
 
                  CH3  (13d)  
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 the substituted imine derivatives compared to 9 and 12. The average E1/2 value of 1,1’-
disubstituted ferrocenyl imines 13a, 13b and 13c (~606 mV) was less than that of 12 
owing to the slight increase in electron density from the  
 
imine double bond (Table 2.11) activated by para substituents X (X = Cl, Br, F, CH3).  
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Figure 2.21: CVs of 9, 12 and ferrocene, measured in CH3CN containing 0.1 M [nBu4N]ClO4 at a 
Pt electrode with a scan rate of 100 mVs-1 with Ag/AgCl. 
 
The E1/2 of 13a and 13b gave the same value of 607 mV, while the weakly electron 
donating methyl group in 13d only shifted the potential to an E1/2 of 605 mV. The most 
electronegative substituent in 13c, showed a minimal negative potential shift (-10 mV 
shift) to an E1/2 value of 629 mV. The change in the oxidation potential of these 
ferrocenyl-imine derivatives has further shown that a change in oxidation state of a 
ferrocenyl group can be manipulated by changing its substitutents. The redox behaviour 
of 9 was shifted from an E1/2 1005 mV down to 605 mV by simply introducing different 
substituents. 
 
 
 
 
 
Fe
Fe
CHO
Fe
CHO
CHO
9 
12 
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 Table 2.11: Oxidation (Epa)-reduction (Epc) potentials of 9, 12, 13a-d, measured in CH3CN 
containing 0.1 M [nBu4N]ClO4 at a Pt electrode with a scan rate of 100 mVs-1 with 
Ag/AgCl. 
     Compound  Epa (mV)  Epc (mV)  E1/2 (mV) 
   Ferrocene              527               403               465 
                1               534               415               474.5 
                3               556               443               499.5 
    9   1068   943   1005.5 
                12   811   693   752 
   13a               703   512   607.5 
   13b               705   510   607.5 
   13c               679   579   629 
   13d                           700   511   605.5 
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 CHAPTER 3 
RESULTS AND DISCUSSION: CATALYST DESIGN 
 
 
3.1 Introduction 
 
The ferrocenyl alkenes described in chapter 2 were prepared in order to react them with 
ruthenium alkylidenes, in cross metathesis reactions, with ruthenium alkylidenes to form 
the corresponding ferrocenyl-derived ruthenium alkylidenes. The ferrocenyl-ruthenium 
alkylidenes of specific interest to begin with were the vinylferrocene derivative of Grubbs 
1 (14) as well as the 4-ferrocenylvinyl-benzene derivative of Grubbs 1 (15) and Phobcat 
(16) (Fig. 3.1).   
P
Cy
P
Cy
Ru
Cl
Fe
Cl
Fe
Ru
PCy3
PCy3
Cl
Cl
Ru
PCy3
PCy3
Cl
Cl
Fe
14
15 16  
 
Figure 3.1: Ferrocenyl derived ruthenium alkylidenes 14, 15 and 16. 
 
Two methods were found in the literature for possible use in the synthesis of complexes 
14, 15, and 16. Grubbs et al. reported the synthesis of a range of ruthenium alkylidenes 
by CM of 10-15 equivalents of substituted olefins with Grubbs 1 in dichloromethane for 
10 minutes.1 The second method reported by Maishal et al., involved the reaction of 1.2 
equivalents of vinylferrocene and Grubbs 1 in dichloromethane for 40 minutes.2 In an 
effort to understand the product distribution attained during an olefin metathesis reaction, 
it is necessary to review the mechanism involved, which was derived from the Chauvin 
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 mechanism and now accepted as a ruthenium-based homogeneous olefin metathesis 
mechanism (Scheme 3.1).3  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3.1: Accepted mechanism for the ruthenium alkylidene homogenous metathesis 
reaction.3 
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 The reaction is initiated by loss of L2 (L2 = PCy3 for Grubbs 1 and 2, cyclohexyl-[3.3.1]-
phoban for Phobcat) generating a 14-electron active intermediate A [(L1)Cl2Ru=CHPh], 
where L1 = PCy3 for Grubbs 1, NHC for Grubbs 2 and cyclohexyl-[3.3.1]-phoban for the 
phobcat catalyst (Scheme 3.1).1,2 Coordination of an olefin to generate a 14-electron 
intermediate A, is highlighted in ‘blue’ and ‘pink’. This olefin can coordinate to A in a 
trans or cis manner to give B and B’ respectively. In both instances intermediates B and 
B’ undergo [2+2] cycloaddition to form 14-electron metallacyclobutanes C and C’ 
respectively.  
These species then ‘break down’ to form new olefins and new 14-electron intermediates 
D and D’ respectively. Upon a ‘competitive’ coordination with L2, an alkylidene (from D) 
and a methylidene (from D’) will be produced. Other competing reactions with 
intermediates D and D’ lead to different metathesis cycles, namely: i) an unproductive 
metathesis route where coordination of an olefin with intermediates D and D’ gives back 
the same olefins that were coordinated (outlined in ‘black’), or ii) a productive metathesis 
(outlined in ‘blue’ for D and ‘pink’ for D’) where distinct olefins are eliminated. 
Scheme 3.2 shows an overall reaction delineating formation of the ferrocenyl-ruthenium 
alkylidenes shown in Figure 3.1. In this reaction, Grubbs 1 or Phobcat is reacted with L, 
where L is vinylferrocene or 4-ferrocenylvinylbenzene, to form the corresponding 
ferrocenyl-ruthenium alkylidene.  
 
Ru
Cl
Cl
L1
L2
Ru
Cl
Cl
L1
L2 L
+CH2Cl2, r.t.
L
L1 & L2 = PCy3 in Grubbs 1.
L1 & L2 = Phoban in Phobcat, L = vinylferrocene or 4-ferrocenylvinylbenzene.
ruthenium alkylidene
styrene
ferrocenyl-ruthenium alkylidene
 
 
Scheme 3.2: Synthesis of ferrocenyl-ruthenium alkylidenes. 
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 3.2 Synthesis and characterization ferrocenyl-ruthenium alkylidenes. 
 
 
The first attempt to synthesize complex 14 was based on a method reported by Maishal 
et al. in which 1.2 equivalents of vinylferrocene was reacted with Grubbs 1 in anhydrous 
dichloromethane under an inert atmosphere for 40 minutes at room temperature.  
The solvent was removed under vacuum and addition of cold anhydrous methanol 
afforded a purple solid in 85% yield. A 1H NMR spectrum of 14 showed that some 
Grubbs 1 was still present. Two singlets were observed in the alkylidene region, a singlet 
at δ 20.25 ppm which was assigned to the alkylidene proton (Ru=CH) in Grubbs 1 and 
another singlet at δ 19.02 ppm assigned to the alkylidene proton in 14 (Fig. 3.2). In 
addition, the 31P NMR spectrum also showed two signals at δ 36.93 and 35.85 ppm in 
support of the above assignments. Moreover, the intensity of the Grubbs 1 signal was 
higher than that of 14.  
 
  
Figure 3.2: 1H NMR spectra of the alkylidene region of Grubbs 1 and 14. 
 
The alkylidenes signals disappeared upon longer reaction times. A reaction using 10-15 
equivalents of vinylferrocene showed no signals in the alkylidene region for the given 
conditions. In order to elucidate optimum molar ratios of starting materials as well as the 
best reaction time for these reactions, given the limited reagents, scaled-down reactions 
of vinylferrocene and 4-ferrocenylvinylbenzene with Grubbs 1 were carried out in NMR 
tubes with CDCl3. Molar equivalents of vinylferrocene and 4-ferrocenylvinylbenzene with 
respect to Grubbs 1, were varied in molar increments from 1.5. 1H NMR spectra were 
recorded at intervals over a period of 40 minutes at room temperature. The 1H NMR 
spectra depicting the alkylidene region of the reaction of vinylferrocene with Grubbs 1 
over 30 minutes is shown in Figure 3.3.  
 
Grubbs 1 
‘Ferrocenyl-ruthenium 
alkylidene’ 
Ru=CH 
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Figure 3.3: 1H NMR spectra of the alkylidene region. Grubbs 1 with 7 equivalents of 
vinylferrocene in CDCl3. 
Gradual disappearance of the alkylidene signal for Grubbs 1 (circled in red) was 
observed from 5 to 20 minutes. The intensity of the ferrocenyl-ruthenium alkylidene 
signal however, started getting smaller from 10 minutes. There was no methylidene 
signal observed between δ 18.50 to 19.00 ppm.3a,4 
The reaction was attempted in a reaction flask with anhydrous dichloromethane for 10 
minutes and after solvent removal, a deep purple solid was obtained in 73% yield. The 
1H NMR spectrum taken was consistent with observations made in Figure 3.3. The 
upfield shift of the alkylidene proton from δ 20.02 ppm in Grubbs 1 to δ 19.02 ppm in the 
ferrocenyl alkylidene is indicative of shielding as a result of the electron-donating ability 
of the ferrocenyl ligand. Maishal et al. have also reported a similar chemical shift for the 
alkylidene proton of 14 at δ 19.00 ppm. The 31P NMR of 14 showed a signal at δ 34.6 
ppm indicative of a coordinated phosphine ligand.4  
 
In the ferrocene region, one sharp singlet that integrated for 5 protons was observed at δ 
4.19 ppm and assigned to the unsubstituted Cp ring. Two singlets at δ 4.29 and 4.48 
ppm, were assigned to the coordinated Cp ring. No vinylic protons were observed 
between δ 6.50 and 5.04 ppm, indicating the successful removal of styrene and excess 
vinylferrocene by pentane or methanol washings. A singlet at δ 2.37 ppm and a multiplet 
between 1.26-1.84 ppm were assigned to the methylene proton (PCH) and the 
cyclohexyl protons, respectively. 
 
The first attempt to synthesize 15 was also carried out by reaction of 1.5 equivalents 4-
ferrocenylvinylbenzene with Grubbs 1 in anhydrous dichloromethane. The 1H NMR 
spectrum of the isolated brown-red solid also showed two singlets in the alkylidene 
region. A series of 1H NMR reactions showed an absence of the alkylidene signal for 
 5 min 
10 min 
20 min 
30 min 
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 Grubbs 1 after 10 minutes using only 5 equivalents of 4-ferrocenylvinylbenzene to 
Grubbs 1. As such, a laboratory scale reaction was carried out and a brown- red solid 
was obtained in 68% yield. The alkylidene proton was observed at δ 19.75 ppm. Two 
broad singlets that integrated for two protons each, were observed at δ 8.46 and 8.39 
ppm (Fig. 3.4). These were assigned to the aromatic protons. The ferrocenyl substituted 
and unsubstituted protons were observed at δ 4.04, 4.41 and 4.76, respectively. No 
vinylic signals were present between δ 6.50 and 5.04 ppm. The 31P NMR showed a 
signal at 36.9 ppm, which was assigned to the phophine ligands in 15. 
 
 
Figure 3.4: 1H NMR spectrum of 15. 
 
Successful synthesis of 16 was achieved with only 1.5 equivalents of 4-
ferrocenylvinylbenzene in 40 minutes. The red-brown solid was obtained in 74% yield. A 
possible explanation to the differences observed in molar quantities used in the 
synthesis of 14, 15 and 16 could be made in reference to the mechanism shown in 
Scheme 3.1. Both vinylferrocene and 4-ferrocenylvinylbenzene can coordinate in a ‘cis’ 
or ‘trans’ manner but since the latter ligand is more bulky, relatively lower concentrations 
are required for it to react regioselectively. “The coordination of the olefin for the 14 
electron intermediate is relatively favoured over phosphine recoordination for phobcat 
than for Grubbs 1”.5a The alkylidene signal in 16 was observed at δ 19.90 ppm (Fig. 3.5).  
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Figure 3.5: A 1H NMR spectrum of 16. 
 
Broad singlets were observed in the aromatic region and were assigned to the aromatic 
protons. The ferrocenyl signals and the cyclohexyl protons were observed in similar 
regions to 15. The absence of a methylidene signal in the 1H NMR spectra for 14, 15, 
and 16 indicated that the reactions were regioselective and did not follow the ‘pink’ 
pathway as shown in Scheme 3.1.  
 
 
3.3 Electronic spectroscopy 
 
UV-visible spectra of 14-16 were recorded at 10-2 M solutions of anhydrous 
dichloromethane and compared to Grubbs 1 and Phobcat. One major absorption band 
was observed for Grubbs 1 at λmax 523 nm, this compared to the literature value of λmax 
520 nm and was assigned to the ruthenium metal.2 In complex 14 a band was observed 
at λmax 514 nm, which also compared to the literature value of  λmax 516 nm) (Fig 3.6).  
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Figure 3.6: UV-vis spectra for 14 and 15 with Grubbs 1 in CH2Cl2. 
 
More absorption bands were observed below λmax 395 nm for 14 but since these appeared 
in regions similar to Grubbs 1, this complicated accurate assignments for the ferrocenyl 
absorption bands. Similarly, 15 and 16 showed bands at λmax 480 and 393 nm and 510 
and 333 nm respectively (Fig. 3.6, Table 3.1) 
 
 
Table 3.1: Wavelength and molar extinction coefficients for 14-16, Grubbs 1 and Phobcat in 
CH2Cl2. 
 
         Compound                      Wavelength (λmax/nm) [Extinction coefficient (L.mol-1.cm-1)] 
               Grubbs 1                       523 [30]  
      14                                       514 [150]   395 [135] 
      15               480 [280]  393 [367] 
      16               510 [11]    333 [52] 
       Phobcat              508 [14] 
            
 
 
 
 
Grubbs 1 
 
14 
 
15 
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 3.4 Electrochemistry 
 
Cyclic voltammograms were recorded in degassed dichloromethane under an inert 
atmosphere. Tetrabutylammonium perchlorate (10-3 M) was used as the background 
electrolyte; the auxillary electrode was a platinum wire, the working electrode a platinum 
disk and the reference electrode was Ag/AgCl.  
Grubbs 1 showed a one-electron partially reversible (quasi-reversible) wave with an E1/2 
of 676.5 mV, comparable to the literature value of E1/2 700 mV (Fig. 3.7).2 In complex 14, 
two waves were observed at an E1/2 of 856.5 and 558.5 mV respectively (Fig. 3.7).  
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Figure 3.7: CV overlay of 14 and Grubbs 1. 
 
The first wave at an E1/2 of 856.5 mV was assigned to the difficult oxidation of the 
ruthenium centre (+180 mV shift), and the lower potential at an E1/2 of 558.4 mV (+93.5 
mV shift) to the ferrocene centre. This was done on knowledge that in ferrocene-
ruthenium systems, oxidation of the ferrocene centre happens before oxidation of the 
ruthenium centre, making it even more difficult oxidise. 2,4 Ruthenium oxidations are 
therefore observed at even higher potentials. These results are comparable to those 
reported by Maishal et al. for the ruthenium centred oxidation at an E1/2 of 840 mV and 
the ferrocene centred oxidation at an E1/2 of 550 mV.2 
 
  Grubbs 1 
 
  14 
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 Two redox waves were also observed for 15; one, a quasi-reversible wave at an E1/2 of 
766 mV which was assigned to the ruthenium centre and a reversible wave at E1/2 of 528 
mV which was assigned to ferrocene (Fig. 3.8).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8: CV of 15, measured in CH2Cl2 containing 0.1 M [nBu4N]ClO4 at a Pt electrode with a 
scan rate of 100 mVs-1 with Ag/AgCl. 
 
The ruthenium potential shifted by only +89.5 mV relative to Grubbs 1 and the ferrocenyl 
potential by +28.5 mV relative to 3 (Table 3.2). These differences are smaller than those 
observed in 14 and indicated that the ‘phenyl linker’ weakened the electronic 
communication between the ferrocenyl group and the ruthenium centre. Two redox 
waves similar to that of 15 were also observed for 16; one quasi-reversible wave at an 
E1/2 of 723 mV and one reversible wave at an E1/2 of 538.5 mV. The shift in the 
ruthenium potential for 16 relative to Phobcat was -11.5 mV and the ferrocenyl potential 
shift relative to 3 was +39 mV.  There appeared to be insignificant electronic interaction 
between the ruthenium and the ferrocenyl group. It is possible that oxidation of the 
ferrocenyl group did take place first but the effect of the ‘phenyl linker’, as observed with 
15, and the phoban ligands in 16 overcompensated the electron density that was 
removed upon coordination of the ferrocenyl ligand. 
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 Table 3.2: Oxidation-reduction potentials (E1/2)  of 14-16, measured in CH2Cl2 containing 0.1 M 
[nBu4N]ClO4 at a Pt electrode with a scan rate of 100 mVs-1 with Ag/AgCl. 
 
Compound  E1/2 (mV) ∆ E1/2 (mV) 
            RuII/III      
  Grubbs 1  676.5 
    14               856.5   180 
     15               766    89.5 
    Phobcat  735 
     16    723.5   -11.5 
FeII/III   
                             1    474.5 
   14    558.5  84 
   3     499.5   
   15    528  28.5 
   16                     538.5  39 
       Ferrocene               465             
 
 
3.4 Olefin metathesis 
 
Ring Closing Metathesis (RCM) was chosen to investigate the activity of the ferrocenyl 
alkylidenes 14-16. It is a simple reaction that can be effectively studied using simple 
laboratory methods. The benchmark reaction of choice was the RCM of 
diethyldiallylmalonate (DDM) (Scheme 3.3).  
 
EtO2C
CO2Et
EtO2C
CO2Et
Ru cat.
Toluene/reflux
 
 
Scheme 3.3: Ring Closing Metathesis of diethyldiallylmalonate. 
 
The mechanism of the reaction is similar to that in Scheme 3.1 but has been simplified in 
Scheme 3.4 to show competing reactions. This scheme shows the rate of cyclization kcy 
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 is favoured over the rate of dimerization kdim at low substrate and high catalyst 
concentrations, often at high temperatures. As such a representative literature procedure 
that would favour the RCM product over dimerization was used.5b,6 In this reaction, 0.1 M 
of DDM was heated under reflux at constant temperature (50°C) with 6 mol% of catalyst 
under inert conditions (Fig. 3.11). Samples were taken at regular intervals and analyzed 
using Gas Chromatography (GC).5b 
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Scheme 3.4: Competing reactions in RCM. 
 
The position of the ferrocenyl ligand in the ferrocenyl-alkylidene complexes 14-16 would 
affect dissociation of the phosphine ligand to generate a 14-electron active species, 
which propagates a metathesis reaction (Scheme 3.1). Enhanced phosphine 
dissociation can lead to faster initiation rates which can compromise propagation as a 
result of decomposition of the active methylidene species.1,3a If propagation is not 
compromised, the ferrocenyl alkylidenes would be similar to the corresponding Grubbs’ 
ruthenium alkylidenes and differ in initiation rates. With this in mind, the rate of 
conversion of DDM over a period of time was studied. As an electron donating group, 
the ferrocenyl group is expected to enhance phosphine dissociation and result in 
improved initiation rates. This was observed in a comparative plot of 14, 15 and 16 
against Grubbs 1 or Phobcat. A plot of conversion of DDM as a mole fraction of product 
formation (y-axis) over time (x-axis) in minutes using Grubbs 1 and the 
ferrocenylruthenium alkylidene 14 is shown in Figure 3.9. 
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 In the first two minutes, 14 showed similar reactivity to Grubbs 1 with 17% conversion to 
product. Notable differences were observed from 5 minutes where 14 showed faster 
rates than Grubbs 1, resulting in 40% conversion whereas Grubbs 1 resulted in only 
30%. The rate of 14 starts declining and at 20 minutes both catalysts appear to have the 
same conversions to product at 60%. In agreement to what was envisioned about fast 
initiating catalysts (pg. 10), 14 started decomposing before Grubbs 1, reaching a 
maximum of 66% conversion after 2 hours while Grubbs 1 reached a high of 70%.  
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Figure 3.9: Conversion of DDM using Grubbs 1 compared to 14. 
 
The initiation rate of 15 was markedly higher than that of 14 and Grubbs 1, reaching 
78% conversion in 5 minutes (Fig. 3.10).  
 
   Grubbs 1 
 
  14 
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Figure 3.10: Conversion of DDM using Grubbs 1 compared to 15. 
 
The catalyst does, however, have a short lifetime as well and becomes inactive after 20 
minutes, reaching a maximum of 82% conversion after 2 hours. The initiation rate of 16, 
was but slightly higher than that of Phobcat (Fig. 3.11). In 5 minutes, 85% of DDM was 
converted to product with 16 while Phobcat resulted in 75% conversion. The overall 
conversion for 3 after 2 hours was 99%, slightly higher than the 97% obtained with 
Phobcat. 
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Figure 3.11: Conversion of DDM using Phobcat compared to 16.  
 
The overall conversion of DDM for 14-16 is given in Table 3.3. in 2 hours. 
   Grubbs 1 
 
  15 
     Phobcat 
           
    16
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Table 3.3: Overall conversion of ruthenium alkylidenes. 
 
Catalyst (0.06%)   Conversion (%) 
14     62 
15     82 
16     99 
Grubbs 1    70 
Phobcat    97  
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 CHAPTER 4 
CONCLUSION 
 
4.1 Conclusion 
 
The successful synthesis and characterization of mono- and 1,1’-disubstituted ferrocenyl 
redox active compounds has been discussed. Isolation of suitable single crystals 
allowed determination of the molecular structures of 3, 7, 13a and 13d using X-ray 
crystallography. The crystal structures revealed interesting differences in the unit cell 
crystal packing, with no influence of inter- or intra- molecular hydrogen bonding.  
Cyclic voltammetric studies on the ferrocenyl ligands (1, 3, 13a-13d) showed that the 
ligands were independently redox active and that their oxidation state could be 
manipulated as observed in their E1/2 potentials. For example, ferrocene with E1/2 of 465 
mV, shifted to higher potentials in 1 (E1/2 of 474.5 mV) and 3 (E1/2 of 499.5) and even 
higher potentials (> 500 mV) were observed for 1,1’-disubstituted ligands. The ferrocenyl 
alkenes prepared led to the successful synthesis of conjugated ferrocenyl-ruthenium 
complexes (14-16), necessary to investigate potential electronic communication between 
ferrocenyl group and ruthenium. The change in the redox state of ruthenium in 
complexes 14-16 versus Grubbs 1, and the change in redox state of the ferrocenyl 
groups in 14-16 versus the uncoordinated ferrocenyl ligands, showed that there is 
electronic communication between the ferrocene and ruthenium centres. A direct link 
between the ferrocenyl group and ruthenium in 14 produced the most significant metal-
metal interaction. The phenyl ‘linker’ appeared to dampen this electronic communication 
as observed in the E1/2 of 15 and 16.  
 
The complexes 14-16 were active in RCM reactions and generally had faster reaction 
rates than the corresponding parent ruthenium catalysts. The changes in initiation rates 
and percentage conversion in RCM reactions of diethyldiallylmalonate with 14-16 could 
be attributed to steric and electronic effects. The magnitude of the electronic effects was 
accounted for by the shifts in E1/2 of the ruthenium centre, that is, +180 mV in 14, 89.5 
mV in 15, and -11.5 mV in 16. Overall, the phenyl ‘linker’ resulted in better initiation rates 
and overall higher percentage conversion. This also indicated that having a ferrocene 
group in a para position to the alkylidene does have a significant influence in the 
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 initiation rates of ruthenium alkylidenes. Steric effects could also play a significant role in 
these changes. 
 
4.2 Future work 
 
Synthesis of ferrocenyl-ruthenium complexes can also be extended to 1,1’-disubstituted 
ferrocenyl ligands 13a-13d. It would be interesting to study how two different functional 
groups in conjugation with ruthenium would affect redox behaviour. Consequently, the 
activity in metathesis would also be investigated.  
The second step would be to design ligand systems where the ferrocenyl ligand remains 
intact in the active olefin metathesis species that propagates an olefin metathesis 
reaction. As shown in Scheme 3.1 (Chapter 3), a 14-electron methylidene species is the 
propagating species and the ferrocenyl ligands in the current catalyst system 
(complexes 14-16) would inevitably be ‘lost’ from this active species. Ferrocenyl ligands 
have the potential of producing greater and more efficient enhancements to the catalysts 
when they remain in the active species. Cyclic voltammetric studies could still be used to 
investigate the magnitude, if any, of the electronic communication between the metal 
centres.  
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 CHAPTER 5 
EXPERIMENTAL 
 
 
5.1 General remarks 
 
5.1.1 Purification procedures 
 
All reagents, solvents and purification procedures, unless otherwise stated, were 
handled under an inert atmosphere of nitrogen or argon using standard purification and 
drying methods (Table 4.1).1 
 
Table 4.1: General drying agents for solvents  
  
                         Solvent   Drying agent  
Acetonitrile   CaH2 
Diethyl ether   Na wire 
Dichloromethane  CaH2 
Dimethylformamide Silica gel, basic alumina, molecular  
sieves (4 Å) 
Ethyl acetate   CaH2 
Tetrahydrofuran Na, benzophenone 
Toluene   Na wire 
Methanol   Mg turnings, I2 
 
Solvents used for chromatography were of analytical grade and used without further 
purification. All solvents unused were stored under appropriate molecular sieves or 
sodium wire and sealed with a septum. All glassware, syringes and all the equipment 
used were thoroughly cleaned and oven-dried (>100°C) before use. Sensitive 
manipulations were carried out on a Schlenk apparatus that was supplied with a positive 
flow of argon. 
n-Butyllithium (1.6 M and 10.0 M in hexanes), t-butyllithium (1.7 M in hexane) N,N,N',N'-
tetramethylethylenediamine (packaged under nitrogen in seal bottles), DIBAL (1.6 M in 
hexane), ‘instant ylid’ (methyltriphenylphosphonium bromide/sodium amide) were 
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 obtained from the Sigma Aldrich Chemical Company, Milwaukee, USA. Ferrocene, 
ferrocenemonocarboxaldehyde 4, ruthenocene were purchased from Strem chemical 
company (USA) and Lancaster chemicals, Eastgate, White Lund, Morecambe, England. 
1st Generation Grubbs’ catalyst was purchased from Lancaster. Phobcat was donated by 
SASOL R &D (South Africa). All other common laboratory chemicals were obtained 
locally and were of analytical grade and were used without further purification. 
 
Thin layer chromatography was performed on aluminium backed silica gel or Merck 
silica gel 60 F254 (1.5mm) as adsorbent in a variety of solvent systems using the 
ascending technique. Plates were analyzed under ultraviolet light. Column 
chromatography was conducted either on silica gel 60, particle size 0.063 mm – 0.200 
mm (70 – 230 mesh ASTM) or neutral alumina, particle size 0.063 mm – 0.200 mm (70 – 
230 mesh ASTM). Columns were generally prepared with 1:100 ratio of product to 
chromatographic material. Unless otherwise stated all recrystallization was performed at 
room temperature. If more than one solvent was used to perform the recrystallization, 
two different annotations are used, e.g., dichloromethane/hexane denotes that a mixture 
of two solvents was used, whereas dichloromethane-hexane denotes that 
dichloromethane was used to dissolve the solid and the slow addition of hexane resulted 
in crystallization.  
 
5.1.2 Instrumentation 
 
Melting points were determined on an Electrothermal IA 900 series digital melting point 
apparatus and are uncorrected.  
NMR spectra were recorded on a Bruker AX (300 MHz) spectrometer at ambient 
temperatures. 1H NMR spectra were referenced internally using residual protons in the 
deuterated solvent (CDCl3: δ 7.28) and values reported relative to tetramethylsilane (δ 
0.00). 13C NMR spectra were similarly referenced internally to the solvent resonance 
(CDCl3: δ 77.0) with values reported relative to tetramethylsilane (δ 0.00). 
Infrared spectra were recorded on either, a Perkin Elmer 1600 series instrument, a 
Nicolet Magna 550 Fourier Transform spectrometer or on a DigiLab FTS 3100 Excalibur 
HE Series, packaged to DigiLab Resolution 4.0 software with solid samples prepared as 
potassium bromide disks and solution samples in sodium chloride solution cells. 
Microanalyses were obtained on a Carlo Erba EA 1108 elemental analyser. Fast atomic 
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 bombardment (FAB) and high resolution (EI) mass spectra were recorded on a 
micromass autospec-Tof mass spectrometer at the University of Potchefstroom and the 
Witswatersrand University in South Africa.  
X-ray single crystal intensity data for 3, 7, 13a and 13b were collected on a Nonius 
Kappa-CCD diffractometer using graphite monochromated MoKα radiation. Temperature 
was controlled by an Oxford Cryostream cooling system (Oxford Cryostat). The strategy 
for the data collections was evaluated using the Bruker Nonius "Collect” program.2 Data 
were scaled and reduced using DENZO-SMN software (Otwinowski & Minor, 1997).3 
Absorption correction was made empirically by utilizing SADABS program (Sheldrick, 
1997). The structure was solved by direct methods and refined employing full-matrix 
least-squares with the program SHELXL-97 (Sheldrick, 1997) refining on F2.4,5 Packing 
diagrams were produced using the program PovRay and graphic interface X-seed 
(Barbour, 2001).6 All non-H atoms were refined anisotropically. 
UV-Vis spectra were recorded on a Hewlett Packard 8452A diode array 
spectrophotometer in dichloromethane solutions (10-2 M) with a cell size of 1 cm. Cyclic 
voltamograms were obtained on a BAS 100B electrochemical analyser with a three-
electrode system using Ag/AgCl (0.01 M) as a reference electrode, platinum wire as the 
auxiliary electrode and platinum disc as the working electrode. Samples (10-2 M) were 
prepared and run under argon at ambient temperature, in anhydrous acetonitrile or 
dichloromethane with tetrabutylammonium perchlorate (0.1 M) as background 
electrolyte. The scan rate used was 100 mV s-1 Solutions were saturated with argon by 
bubbling for several minutes prior to each run. The system gave ferrocene E½ = +75.5 
mV.  
Gas chromatography was conducted on a Focus GC Thermo Finnigan instrument fitted 
with a SGE SoLGel column controlled using a ChromQuest software. A bonded phase, 
fused silica, non-polar (BPX5) column (30 m, 0.25 micron film thickness) was used. 
 
 
5.2 Synthesis of ferrocenylaldehydes 
 
         5.2.1 4-Ferrocenylbenzonitrile 77,8 
 
A cold aqueous solution of sodium nitrite (584 mg, 
8.46mmol) was slowly added to a cold aqueous HCl 
Fe
C N
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 (2M, 10 cm3) solution of 4-aminobenzonitrile (1000 mg, 8.46 mmol). The mixture was 
kept at 5 °C for 30 minutes followed by another slow addition of a cold aqueous solution 
of sodium nitrite (292 mg, 4.23 mmol). The solution was quickly added to a cold solution 
of ferrocene (2204 mg, 11.85 mmol) in diethyl ether (120 cm3). The reaction mixture was 
left to stir for eight hours at 5 °C, allowed to warm up to room temperature and then left 
to stir for a further 8 hours.  
The organic layer was separated from the aqueous layer and then washed with water (3 
x 100 cm3). The organic layer was dried over anhydrous sodium sulfate, filtered and the 
solvent reduced under vacuo. The residue was passed through a silica gel column first 
eluting unreacted ferrocene with hexane. This was followed by a hexane/diethyl ether 
solvent mixture to elute an orange solution which was later subjected to preparative TLC 
plates to give an orange semi-crystalline solid that was identified as 4-
ferrocenylbenzonitrile (401mg, 16%) m.p. 133-136°C (lit1 139-142°C); 1H NMR δH 
(CDCl3) 7.52 - 7.59 (4H, m, ArH), 4.71 (2H, t, J1.9, C5H4), 4.45 (2H, t, J1.9, C5H4), 4.06 
(5H, s, C5H5); 13C NMR δC (CDCl3) 146.02, 132.40, 126.60, 119.85, 109.14, 82.75, 
70.62, 70.33, 67.33; IR (KBr cm-1) νmax 2221, 2113, 1520, 1605, 1387, 1284, 1104, 997, 
887, 827, 808, 557, 487; m/z (EI) 288 (M+ +1, 25%), 287 (M+, 100%), 284 (8), 165 (7), 
139 (6), 120 (36), 56 (15); Anal. Calc. for C17H13NFe: C, 71.13; H, 4.27; N, 4.81; [M+], 
287.039739; Found: C, 71.11; H, 4.56, N, 4.88; [M+], 287.039732. 
 
5.2.2 4-Ferrocenybenzaldehyde 89,10  
 
A three-necked round bottom flask fitted with a rubber 
septum, an argon inlet and a condenser was flushed 
with argon for about 15 minutes. Lithium aluminium 
hydride (92 mg, 2.4 mmol) in anhydrous diethyl ether 
(2.4 cm3) was added to the round bottom flask and left to stir at 0°C. Anhydrous ethyl 
acetate (322 mg, 3.6 mmol) was then added dropwise at 0°C over a period of 15 
minutes. The white suspension that resulted was further stirred for 15 minutes, 
maintaining the temperature at 0°C. 4-Ferrocenylbenzonitrile (700 mg, 2.4 mmol) was 
then added and the reaction allowed to warm up to room temperature. The reaction was 
stirred for 45 minutes and an aqueous sulphuric acid (5N) solution added. Addition of 
diethyl ether resulted in a separation of the organic and aqueous layers. The aqueous 
layer was washed with dichloromethane (3 x 10 cm3). The combined organic extracts 
Fe
CHO
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 were dried over anhydrous sodium sulfate, filtered and concentrated under vacuo. The 
resulting red residue was passed through a column of silica gel using diethyl ether. The 
solvent was removed under reduced pressure to give a red solid which was identified as 
4-ferrocenylbenzaldehyde (519 mg, 73%) m.p. 132-133°C; 1H NMR (CDCl3) δH 10.00 
(1H, s, CHO) (4H, dd, J7.9, ArH), 4.76 (2H, t, J1.8, C5H4), 4.45 (2H, t, J1.8, C5H4), 4.07 (5H, 
s, C5H5); 13C NMR (CDCl3) δC 192.13, 147.75, 134.40, 130.39, 126.53, 83.21, 70.59, 
70.33, 67.49; IR (KBr cm-1) νmax 2820, 2721, 1703, 1602, 1569, 1388, 1305, 1282, 1216, 
1176, 1105, 1084, 1031,1000, 886, 829, 682, 512, 484, 434;  
m/z 291 (21%), 290 (M+,100), 261 (5), 225 (2), 202 (3), 169 (2), 145 (9), 141 (8), 139 (5), 
121 (23), 115 (5); Anal. Calc. for C17H14FeO; C, 70.5, H, 4.9, [M+], 290.0393; Found: C, 
69.9, H, 4.8; [M+], 290.0384.   
 
5.2.3  1, 1’-Ferrocenedicarboxaldehyde 911 
 
A two-necked round bottom flask fitted with rubber septum and an 
argon inlet on a Schlenk line. A solution of TMEDA (20 cm3, 135 
mmol) in anhydrous diethyl ether (25 cm3) was syringed into the 
flask saturated with argon and left to stir at room temperature for 
10 minutes. This was followed by addition of n-butyllithium (86 cm3, 1.6 M in hexane, 
916 mmol). The mixture was left to stir for 30 minutes and ferrocene (10026 mg, 54 
mmol) in anhydrous diethyl ether (25 cm3) was then added. This mixture was left to stir 
at room temperature for 20 hours. The red solution that resulted was cooled down to -
78°C, at which anhydrous DMF (58 cm3, 754 mmol) in anhydrous diethyl ether (60 cm3) 
was slowly added over a period of 2.5 hours. The mixture was left to stir for a further 2 
hours at -78°C after which a noticeable colour change from red to clear yellow solution 
was observed. The yellow solution was then added to cold water (200 cm3) and left to 
stir for 1 hour at room temperature. The aqueous layer and the organic layer were 
separated and the aqueous layer washed with diethyl ether (4 x 100 cm3). The combined 
ether extracts were then washed with water (3 x 100 cm3) and dried over anhydrous 
sodium sulfate. The solvent was removed under reduced pressure and the red residue 
obtained passed through a silica gel column. The first yellow coloured fraction was taken 
out using hexane and was identified as ferrocene. The second fraction was removed 
using a mixture of diethyl ether and ethyl acetate and was identified as 
ferrocenecarboxaldehyde. Finally, the last fraction was removed with ethyl acetate and 
Fe
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 after the solvent was removed under vacuo, the red oily residue that remained was 
crystallized with a dichloromethane-hexane solvent mixture. The deep red crystalline 
solid that formed was identified as 1,1’-ferrocenedicarboxaldehyde (6528 mg, 50%) m.p. 
158-159°C, (lit9 179-180˚C); 1H NMR (CDCl3) δH 9.95 (2H, s, CHO), 4.90 (4H, t, J1.9, 
C5H4) 4.68 (4H, t, J1.9, C5H4); 13C-NMR (CDCl3) δC 193.25, 80.69, 74.60, 71.29; IR (KBr 
cm-1) νmax 3118, 3101, 1684, 1668, 1456, 1413, 1374, 1331, 1247, 1041, 830, 742; m/z 
(EI), 243 (M+ +1, 17%), 242 (M+, 100%), 186 (41), 184 (14), 129 (11), 121 (44), 56 (39), 
32 (7), 28 (34); Anal. Calc. for C12H10O2Fe: [M+], 242.003019; Found: [M+], 242.003123.   
 
 
 
5.2.4 Ruthenocenecarboxaldehyde 6 
 
A three-necked flask set-up on a Schlenk line was fitted with a 
rubber septum and saturated with argon. Ruthenocene (2006 mg, 
8.7 mmol) and potassium t-butoxide (121.5 mg, 0.1 mmol) were 
quickly added to the flask. Anhydrous THF (100 cm3) was then introduced through the 
septum and the reaction mixture cooled to -74°C. t-BuLi (10.2 cm3, 1.7M in hexane,17.3 
mmol) was syringed into the flask and the mixture allowed to stir for 30 minutes. This 
was followed by a drop-wise addition of anhydrous DMF (1.7 cm3, 2.2 mmol) at -74°C. 
The reaction mixture was allowed to warm up to -40°C and then hydrolyzed with distilled 
water. The organic layer was separated and the solvent reduced under pressure. The 
product was extracted with portions of dichloromethane (4 x 50 cm3). The extracts were 
combined and dried over anhydrous sodium sulfate. The pale green residue was passed 
through a column of silica gel using a hexane/ether mixture. Unreacted ruthenocene was 
first eluted with hexane and diethyl ether eluted a yellow-green solution. The solvent was 
reduced and a yellow-green solid obtained was identified as 
ruthenocenecarboxaldehyde (315 mg, 14%) m.p. 49°C, lit. m.p.48 °C; 1H NMR (CDCl3) 
δH 9.73 (1H, s, CHO), 5.10 (2H, t, J1.8, C5H4) 4.88 (2H, t, J1.8, C5H4) 4.57 (5H, s, C5H5); 
13C-NMR (CDCl3) δC 190.66, 84.91, 74.66, 72.47, 71.31; IR vmax (KBr cm-1) 1559, 1540, 
1500, 1465, 1457, 1419, 1419, 1379, 1354, 1313, 1299, 1285, 1237, 1174, 1110, 1098, 
1069, 1035, 1017, 972, 937, 907, 872, 817, 784, 737, 671, 582, 556, 457, 423, 419, 398, 
385, 354, 335, 328, 323, 315, 303; m/z (EI), 260 (M+ +1, 5%), 259 (M+, 100%), 234 (39), 
231 (67), 230 (31), 229 (27), 167 (13), 69 (17), 57 (14), 55 (12), 43 (12), 32 (36).  
Ru
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5.2.5 1’-[2-(1,3-Dioxolan)]-1-ferrocenemonocarboxaldehyde 1012 
 
A solution of 1,1’-ferrocenedicarboxaldehyde (1681 mg, 6.9 
mmol) in anhydrous diethyl ether (100 cm3), ethylene glycol (7.7 
cm3, 139 mmol) and a spatula tip of p-toluenesulphonic acid 
were introduced into a two-necked round bottom flask fitted with 
a Dean-Stark graduate side tube containing MgSO4 (2000 mg). The mixture was heated 
under reflux for 2 hours. The solvent was then reduced and the red oil that resulted was 
washed with an aqueous solution of ammonium chloride with KHCO3 and extracted with 
dichloromethane (3 x 25 cm3). The organic extracts were combined and dried over 
anhydrous sodium sulfate. After filtration the solvent was removed under reduced 
pressure and the red oily residue that remained was passed  
through a column of silica gel with hexane/ethyl acetate mixture to yield a red oil that 
was identified as 1’-[2-(1,3-dioxolan)]-1-ferrocenemonocarboxaldehyde (1434 mg, 72%); 
1H NMR (CDCl3) δH 9.98 (1H, s, CHO), 5.60 (1H, s, CH(OCH2)2) 4.90 (2H, s, C5H4) 4.68 
(2H, s, C5H4) 4.43 (2H, s, C5H4) 4.29 (2H, s, C5H4) 4.14 (2H, J0.14, d, -OCH2) 4.02 (2H, 
J0.12, d, -OCH2) ; 13C NMR (CDCl3) δC 193.3, 102.5, 85.4, 80.7, 74.6, 71.3, 68.4, 68.1, 
67.4, 63.2; IR (KBr cm-1) νmax 3118, 3101, 1684, 1668, 1456, 1413, 1374, 1331, 1247, 
1041, 830, 742; m/z (EI) 287 (M+ +1, 16%), 286 (M+, 50), 243 (43), 242 (95), 186 (88), 
122 (34), 121 (96), 129 (48), 95 (38), 65 (61), 56 (100); Anal. Calc. for C14H14FeO: [M+], 
286.029234, Found: [M+], 286.028009.   
 
5.3 Synthesis of ferrocenylalkenes 
  
5.3.1 Preparation of phosphonium salts 
 
5.3.2.1 Benzyltriphenylphosphonium chloride      
 
Triphenylphosphine (5000 mg, 19.1 mmol) was dissolved in 
a minimum amount of anhydrous toluene. Benzyl chloride 
(2407 mg, 19.1mol) was added dropwise while stirring. The 
solution was heated under reflux for 3-4 hours and then 
cooled to initiate precipitation. The white solid obtained was 
Fe
CHO
O
O
P+
Cl-
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 filtered and recrystallized from acetonitrile/ether to give a white crystalline solid identified 
as benzyltriphenylphosphonium chloride (4720 mg, 79%); m.p. 331-334°C; 1H NMR δH 
7.81-7.60 (15H, m, ArH), 7.17-7.09 (5H, m, ArH); 13C NMR (CDCl3) δC 135.32, 135.28, 
134.86, 134.72, 131.98, 131.90, 130.60, 130.44, 129.25, 129.21, 128.77,128.72,127.78, 
118.96, 117.83, 31.33, 30.71; IR (KBr cm-1) νmax 3050, 2887, 2853, 2871, 1610, 1585, 
1496, 1484, 1437, 1407, 1263, 1110, 1033, 995, 920, 873, 789, 752, 721, 690, 582, 591, 
449. 
 
5.3.2.2 Methyltriphenylphosphonium bromide      
A similar reaction was carried out with triphenylphosphine and 
bromomethane. The resulting white solid was identified as 
methyltriphenylphosphonium bromide (4752 mg, 70%); m.p 185-
187°C; 1H NMR (CDCl3) δH 8.10-7.70 (15H, m, ArH), 3.35 (3H, d, J13.2, 
CH3); 13C NMR (CDCl3) δC 135.48, 133.82, 133.68, 130.92, 130.75, 
120.24, 119.06, 11.84; IR (KBr cm-1) νmax 2923, 2872, 2360, 1587, 
1484, 1440, 1340, 1115, 998, 908, 790, 749, 717, 690, 508, 448. 
 
5.3.2 Solvent-free synthesis 
 
5.3.2.1 Ferrocenyl-2-phenylethylene 513  
   
Ferrocenecarboxaldehyde (214 mg, 1.0 mmol) was 
ground together with sodium hydroxide (60 mg, 1.5 
mmol) and benzyltriphenylphosphonium chloride (427 
mg, 1.1 mmol) for about 30 minutes. The product was 
taken up in dichloromethane, filtered and dried over 
anhydrous sodium sulfate. The solvent was reduced under vacuo and the product 
isolated using preparative TLC plates. The first band provided a red oily liquid identified 
as E-ferrocenyl-2-phenylethylene (130 mg, 45%); 1H NMR (CDCl3) δH 7.45 (1H, d, J1.4, 
ArH), 7.27 (4H, s, ArH), 6.94-6.69 (2H, dd, J16.2, vinylic), 4.48 (2H, t, J1.8, C5H4), 4.30 (2H, 
t, J1.8, C5H4), 4.16 (5H, s, C5H5);  13C NMR (CDCl3) δC 138.2, 129.1, 127.2, 127.2, 126.3, 
126.1, 83.7, 69.6, 69.4, 67.3; IR (KBr cm-1) νmax 3098, 3019, 1633, 1599, 1494, 1465, 
1441, 1408, 1258, 1227, 1204,1105, 1028, 1001, 916; m/z (EI), 289 (M+ +1, 72%), 288 
Fe
P+ CH3
Br-
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 (M+, 100%), 286 (44), 223 (72), 165 (79), 121 (46), 56 (16); Anal. Calc. for C18H16Fe: 
[M+], 289.060596, Found: [M+], 289.062531.   
The second band provided a red-orange solid identified as Z-ferrocenyl-2-
phenylethylene (0.1098g, 38%); m.p. 111-114°C; 1H NMR (CDCl3) δH 7.39-7.25 (5H, m, 
ArH), 6.56-6.32 (2H, dd, J11.9, vinylic), 4.53 (2H, s, C5H4), 4.35 (2H, s, C5H4), 4.20 (5H, s, 
C5H5); 13C NMR δC (CDCl3) 138.2, 129.1, 127.2, 127.2, 126.3, 126.1, 83.7, 69.6, 69.4, 
67.3; IR (KBr cm-1) νmax 3555, 3447, 3415, 3236, 2362, 1637, 1618, 1497, 1105, 960, 
754, 721; m/z (EI), 289 (M+ +1, 67%), 288 (M+, 100%), 286 (41), 223 (67), 165 (78), 121 
(48), 56 (41); Anal. Calc. for C18H16Fe: [M+], 288.058536, Found: [M+], 288.060140. 
  
 
5.3.2.2 Vinylferrocene 113 
 
Ferrocenecarboxaldehyde (214 mg, 1.0 mmol), methyltriphenyl-
phosphonium bromide (393mg, 1.1mmol) and sodium hydroxide (60 
mg, 1.5 mmol) were ground in a mortar in open atmosphere at room 
temperature. This resulted in an oily paste within a minute. The 
product was extracted by dichloromethane (3 x 10 cm3). The combined extracts were 
dried over anhydrous sodium sulfate, filtered and the solvent removed under vacuo.  
The red residue was taken up on preparative silica gel plates using a hexane, which first 
eluted a yellow fraction. After the solvent was removed, a yellow solid that was obtained 
was identified as vinylferrocene (14 mg, 7%) m.p. 47 - 48°C (lit11 46 - 47°C); 1H NMR 
(CDCl3) δH 6.47 (1H, q, J10.7, vinylic), 5.39 (1H, q, J17.5, vinylic), 5.04 (1H, q, J10.7, vinylic), 
4.38 (2H, s, C5H4), 4.20 (2H, s, C5H4), 4.13 (5H, s, C5H5); 13C NMR (CDCl3) δC 135.06, 
111.48, 84.05, 69.68, 69.12, 67.10; IR (KBr cm-1) νmax 2924, 2855, 2357, 1635, 1104, 
1001, 896, 824, 812, 520, 481; m/z (EI) 213 (M+ +1, 51%), 212 (M+, 100%), 210 (27), 
121 (59), 56 (42); Anal. Calc. for C12H12Fe: [M+], 212.028840, Found: [M+], 212.029415. 
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 5.3.3 Solvent reactions 
 
5.3.3.1 Vinylferrocene 
 
A three-necked flask was flushed with argon for about 15 minutes. 
Methyltriphenylphosphonium bromide (914 mg, 2.56 mmol) and 
anhydrous THF were added to the flask and left to stir at room 
temperature for 10 minutes. Sodium amide (110 mg, 2.82 mmol) 
was then added and the reaction mixture allowed to stir until a yellow coloured 
suspension was observed. This was then cooled to 0 °C and ferrocenecarboxaldehyde 
(500 mg, 2.33 mmol) in anhydrous THF (1 cm3) was added. The reaction mixture was 
then allowed to warm up to room temperature and left to stir overnight. The reaction 
mixture was then filtered and washed with brine water (6 x 20 cm3). This was then dried 
over anhydrous sodium sulfate. The solvent was removed under vacuo and the red 
residue that resulted taken up on preparative TLC plates with hexane to yield a yellow 
solid identified as vinylferrocene (371 mg, 75%) m.p. 47-49°C.  
 
5.3.3.2 1-Ferrocenyl-4-vinylbenzene 3  
 
A three-necked round-bottom flask was set on a Schlenk 
apparatus and flushed with argon for a few minutes. 
Anhydrous THF (30 cm3) and methyltriphenyl-
phosphonium bromide (677 mg, 1.9 mmol) were quickly 
added to the flask and allowed to stir at room temperature. Sodium amide (81mg, 2.1 
mmol) was added to the white suspension that resulted. The mixture was left to stir until 
an intense yellow-coloured solution resulted. The reaction mixture was then cooled to 
0°C and 4-ferrocenylbenzaldehyde (500 mg, 1.7 mmol) in anhydrous THF (1 cm3) 
added. The mixture was left to stir overnight at room temperature. It was then  
filtered, washed with brine water (8 x 25 cm3) and dried over anhydrous sodium sulfate. 
After the solution was filtered, the solvent was removed under vacuo and the remaining 
red residue subjected to preparative TLC with hexane. The first band eluted a yellow 
solution and after the solvent was reduced, the orange crystalline solid obtained was 
identified as 1-ferrocenyl-4-vinylbenzene (151mg, 30.5%) m.p. 126-127°C; 1H NMR 
(CDCl3) δH 7.45 (2H, dd, J8.3, ArH), 7.36 (2H, dd, J8.3, ArH) 6.73 (1H, q, J10.9, vinylic), 
Fe
Fe
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 5.77 (1H, q, J0.6, vinylic), 5.25 (1H, d, J0.6, vinylic), 4.68 (2H, s, C5H4) 4.35 (2H, s, C5H4), 
4.07 (5H, s, C5H5); 13C NMR (CDCl3) δC 139.40, 137.04, 135.58, 126.64, 126.54, 113.30, 
85.43, 70.09, 69.48, 66.87; IR (KBr cm-1) νmax 1685, 1647, 1628, 1605, 1559, 1526, 
1457, 1407, 1387, 1282, 1119, 1104, 1030, 991, 902, 844, 819, 656, 509, 479; m/z (EI) 
289 (M+ +1, 23), 288 (M+, 100%), 167 (39), 165 (31), 121 (87), 56 (52), 39 (49); Anal. 
Calc. for C18H16Fe: [M+], 288.060140, Found: [M+], 288.062009.   
Unreacted 4-ferrocenylbenzaldehyde (273mg, 55%) was recovered. 
 
5.3.3.3 Vinylruthenocene 2 
 
 A three-necked round-bottom flask fitted with a rubber septum and 
a stopper was set on a Schlenk apparatus and saturated with argon. 
An ‘instant ylid’ (methyltriphenylphosphonium bromide and sodium 
amide) (1720 mg, 4.5 mmol) was quickly added to the flask followed 
by addition of anhydrous THF (30 cm3) through a syringe. The yellow suspension that 
formed was cooled to 0°C and ruthenocenecarboxaldehyde (780 mg, 3.0 mmol) in 
anhydrous THF added dropwise through a septum. The reaction was allowed to stir for 
about 18 hours at room temperature. The reaction mixture was then filtered, washed 
with brine water (8 x 25 cm3) and dried over anhydrous sodium sulfate. After the solvent 
was removed under vacuo, the pale green residue left behind was eluted on preparative 
TLC plates with hexane. The yellow-green solution obtained gave a yellow-green 
crystalline solid after solvent reduction. The product obtained was identified as 
vinylruthenocene (554 mg, 72%) m.p. 45-47°C; 1H NMR (CDCl3) δH 6.37 (1H, q, J8.1, 
vinylic), 5.31 (1H, d, J17.4, vinylic), 4.92 (1H, d, J9.8, vinylic), 4.79 (2H, s, C5H4), 4.58 (2H, 
s, C5H4), 4.54 (5H, s, C5H5); 13C NMR (CDCl3) δC 135.06, 111.48, 84.05, 69.68, 69.12, 
67.10; IR (KBr cm-1) νmax 2924, 2855, 2357, 1635, 1104, 1001, 896, 824, 812, 520, 481; 
m/z (E/I) 259 (M+ +1, 14%), 258 (M+, 100%), 232 (67), 231 (38), 230 (31), 32 (36), 28 
(100); Anal. Calc. for C12H12Ru: [M+], 257.983672, Found: [M+], 257.983498. 
5.3.3.4 1’-[2-(1,3-Dioxolan)]-1-vinylferrocene 11 
 
A three-necked round-bottom flask fitted with a rubber septum 
and a stopper was set on a Schlenk apparatus and saturated 
with argon. An ‘instant ylid’ (methyltriphenylphosphonium 
bromide and sodium amide) (1244 mg, 3.3 mmol) was quickly 
Ru
Fe
O
O
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 added to the flask, followed by addition of anhydrous THF (30 cm3) via a syringe. The 
yellow suspension that formed was stirred for 15 minutes and the temperature cooled to 
0°C. 1’-[2-(1,3-dioxolan)]-1-ferrocenemonocarboxaldehyde (622 mg, 2.2 mmol) in 
anhydrous THF was added dropwise through a septum. The reaction was allowed to 
warm up to room temperature and left to stir for about 18 hours. The mixture was then 
filtered, washed with brine water (6 x 25 cm3) and dried over anhydrous sodium sulfate. 
After the solution was filtered, the solvent was removed under vacuo and the red residue 
eluted on preparative TLC with hexane/ethyl acetate. The isolated red oil was identified 
as 1’-[2-(1,3-dioxolan)]-1-vinylferrocene (554 mg, 72%); 1H NMR (CDCl3) δH 6.43 (1H, q, 
J8.7, CH), 5.40 (1H, d, J17.4, vinylic), 5.12 (1H, d, J10.6, vinylic), 4.73 (2H, s, C5H4), 4.56 
(2H, s, C5H4), 4.47 (2H, s, C5H4), 4.33(2H, s, C5H4), 4.02 (2H, m, CH(OCH2)2), 3.96 (2H, 
m, CH(OCH2)2); 13C NMR (CDCl3) δC 169.11, 133.25, 113.70, 96.52, 85.90, 80.15, 74.81, 
70.80, 68.45, 65.62, 30.10; IR vmax (NaCl cm-1) 3087, 2981, 2953, 2884, 2362, 2340, 
1718, 1684, 1628, 1559, 1539, 1521, 1490, 1457, 1387, 1331, 1242, 1096, 1029, 984, 
945, 897, 827, 743, 723, 638, 569, 522, 502, 423, 397, 354; m/z (EI) 285 (M+ +1, 9%), 
284 (M+, 100%), 253 (28), 226 (44), 87 (11), 64 (29), 61 (19) 56 (42), 33 (22); Anal. Calc. 
for C15H16O2Fe: [M+], 284.051031, Found: [M+], 284.060021.   
 
 
5.3.3.5 1’-Formyl-1-vinylferrocene 1215 
 
An aqueous solution of 10% oxalic acid (300 mg, 2.38 mmol) was 
added dropwise to a stirred suspension of silica gel (300 mg, silica 
gel 60, 70-230 mesh) in dichloromethane (2 cm3). The water 
phase disappeared after 3 minutes and 1’-[2-(1,3-dioxolan)]-1-
vinylferrocene (411 mg, 1.511 mmol) in dichloromethane (1.0 cm3) was added. The 
reaction mixture was stirred for 30 minutes and sodium hydrogen carbonate added to  
neutralize the mixture. This was then filtered off and the filtrate reduced under vacuo. 
The remaining red oil was identified as 1’-formyl-1-vinylferrocene (360mg, 99%); 1H 
NMR (CDCl3) δH 9.92 (1H, s, CHO), 6.36 (1H, q, J10.7, vinylic), 5.40 (1H, d, J17.5,  vinylic), 
 5.16 (1H, d, J10.7, vinylic), 4.73 (2H, s, C5H4), 4.56 (2H, s, C5H4), 4.47 (2H, s, C5H4), 4.47 
(2H, s, C5H4); 13C NMR (CDCl3) δC 194.1, 133.2, 113.7, 96.5, 85.9, 80.1, 74.8, 70.8, 
68.4; IR vmax (NaCl cm-1) 3087, 3005, 2982, 2822, 2760, 2362, 2340, 1844, 1792, 1772, 
1734, 1715, 1684, 1628, 1559, 1576, 1540, 1507, 1457, 1408, 1388, 1368, 1331, 1291, 
Fe
CHO
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 1245, 1202, 1036, 987, 904, 831, 743, 725, 668, 618, 569, 525, 491, 397, 354; m/z (EI) 
241 (M+ +1, 17%), 240 (M+, 100%), 212 (68), 210 (12), 121 (41), 120 (13), 91 (26), 89 
(11), 65 (37), 63 (23), 56 (45), 39 (32); Anal. Calc. for C13H12OFe: [M+], 240.021331, 
Found: [M+], 240.020081.   
 
5.4 Synthesis of 1,1’-disubstituted ferrocenylidenes  
 
5.4.1 1-Vinylferrocenylidene-1’-chlorobenzenamine 13a 
 
4-Chloroaniline (464 mg, 4.2 mmol) and 1’-formyl-1-
vinylferrocene (956 mg, 4.0 mmol) in anhydrous diethyl 
ether were heated under reflux over anhydrous sodium 
sulfate for 48 hours. The reaction mixture was filtered 
off and the solvent removed under reduced pressure. The red oil residue was washed 
with a minimum amount of cold anhydrous diethyl ether. This was repeated three times 
and thereafter the solvent was reduced under vacuo to yield a red solid that was 
identified as 1-vinylferrocenylidene-1’-chlorobenzenamine (1073 mg, 81%) m.p. 52.2-
52.9°C; 1H NMR (CDCl3) δH 8.39 (1H, s, C=NH), 7.29 (4H, dd, J10.8, ArH), 6.44 (1H, q, 
J17.5, vinylic), 5.40 (1H, d, J17.5, vinylic), 5.00 (1H, d, J10.8, vinylic), 4.78 (2H, s, C5H4), 4.54 
(2H, s, C5H4), 4.48 (2H, s, C5H4), 4.33 (2H, s, C5H4); 13C NMR (CDCl3) δC 162.2, 152.1, 
134.5, 130.1, 129.4, 122.7, 112.4, 85.5, 81.5, 72.7, 70.4, 70.2, 68.1; IR vmax (KBr cm-1) 
1617, 1583, 1559, 1539, 1489, 1463, 1244, 1216, 1186, 1165, 1093, 1009, 988, 915, 
862, 833, 819, 760, 494; m/z (EI) 350 (M+ +1, 56%), 349 (M+, 100%), 258 (36), 212 (24), 
139 (23), 121 (22), 91 (26), 56 (21); Anal. Calc. for C19H16NClFe: C, 65.27; H, 4.61; N, 
4.01; [M+], 349.032067, Found: C, 65.44; H, 4.49; N, 4.01; [M+], 349.033084. 
 
 
5.4.2 1-Vinylferrocenylidene-1’-bromobenzenamine 13b 
 
4-Bromoaniline (302 mg, 1.7 mmol) and 1’-formyl-1-
vinylferrocene (402 mg, 1.7 mmol) in anhydrous diethyl ether 
were heated under reflux over anhydrous sodium sulfate for 
72 hours. The reaction mixture was filtered off and the 
solvent removed under vacuo.  
Fe N Cl
Fe N Br
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 Fe N CH3
The red oil residue was washed with portions of warm water (< 50°C). After the water 
was decanted, anhydrous sodium sulfate was added to the oil residue. The product was 
extracted with anhydrous diethyl ether and after solvent reduction, the red solid obtained 
was identified as 1-vinylferrocenylidene-1’-bromobenzenamine (990 mg, 81%) m.p. 53-
54°C; 1H NMR (CDCl3) δH 8.39 (1H, s, C=NH), 7.53 (2H, d, J6.6, ArH), 7.15 (2H, d, J7.9, 
ArH), 6.44 (1H, q, J17.5, vinylic), 5.40 (1H, d, J17.5, vinylic), 5.00 (1H, d, J10.7, vinylic), 4.78 
(2H, s, C5H4), 4.54 (2H, s, C5H4), 4.48 (2H, s, C5H4), 4.33 (2H, s, C5H4); 13C NMR 
(CDCl3) δC 162.3, 152.5, 134.5, 132.3, 123.1, 118.0, 112.4, 85.5, 81.4, 72.7, 70.7, 69.7, 
67.8; IR vmax (KBr cm-1) 1615, 1578, 1536, 1466, 1441, 1240, 1212, 1145, 1067, 1001, 
982, 909, 857, 825, 745, 468; m/z (LSMS) 393 (M+, 55%); Anal. Calc. for C19H16NBrFe: 
C, 57.91; H, 4.09; N, 3.55; Found: C, 58.08; H, 4.06; N, 3.33. 
 
5.4.3 1-Vinylferrocenylidene-1’-fluorobenzenamine 13c 
 
4-Fluoroaniline (464 mg, 4.2 mmol) and 1’-formyl-1-
vinylferrocene (956 mg, 4.0 mmol) in anhydrous diethyl ether 
were heated under reflux over anhydrous sodium sulfate for 
48 hours. The reaction mixture was filtered off and the 
solvent removed under reduced pressure. A red solid was obtained and identified as 1-
vinylferrocenylidene-1’-fluorobenzenamine (1060 mg, 79%) m.p. 56-58°C; 1H NMR 
(CDCl3) δH 8.40 (1H, s, C=NH), 6.36 (1H, q, J10.7, vinylic), 5.40 (1H, d, J17.5, vinylic), 5.16 
(1H, d, J10.7, vinylic), 4.73 (2H, s, C5H4), 4.56 (2H, s, C5H4), 4.47 (2H, s, C5H4), 4.44 (2H, 
s, C5H4); 13C NMR (CDCl3) 162.5, 149.7, 134.6, 122.6, 122.4, 114.7, 112.3, 85.4, 81.7, 
74.4, 72.7, 68.3, 68.2; IR vmax (KBr cm-1) 1618, 1591, 1532, 1489, 1454, 1202, 1002, 
967, 883, 746, 524, 432; m/z (EI) 334 (M+ +1, 50%), 333 (M+, 100%), 331 (15), 240 (89), 
212 (72), 121 (58), 69 (37), 65 (27), 56 (55); Anal. Calc. for C19H16NFFe: [M+] 
332.978225, Found: [M+] 332.978923. 
 
 
5.4.4 1-Vinylferrocenylidene-1’-methylbenzenamine 13d 
 
4-Methylaniline (464 mg, 4.2 mmol) and 1’-formyl-1-
vinylferrocene (956 mg, 4.0 mmol) in anhydrous diethyl 
ether were heated under reflux over anhydrous sodium 
Fe N F
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 sulfate for 48 hours. The reaction mixture was filtered off and the solvent removed under 
reduced pressure. The red oil residue was washed with portions of warms water. After 
the water was removed, anhydrous sodium sulfate was added to the oil residue. The 
product was extracted with anhydrous diethyl ether and after the solvent was removed, a 
red solid that was identified as 1-vinylferrocenylidene-1’-methylbenzenamine was 
obtained (1094 mg, 83%) m.p. 57-58°C; 1H NMR (CDCl3) δH 8.39 (1H, s, C=NH), 6.36 
(1H, q, J10.7, vinylic), 5.40 (1H, d, J17.5, vinylic), 5.16 (1H, d, J10.7, vinylic), 4.73 (2H, s, 
C5H4), 4.56 (2H, s, C5H4), 4.47 (2H, s, C5H4), 4.47 (2H, s, C5H4), 2.33 (1H, s, CH3); 13C 
NMR (CDCl3) δC 160.3, 150.9, 136.8, 134.6, 130.0, 120.9, 112.2, 85.3, 82.02, 70.3, 70.1, 
68.4, 68.3, 20.5; IR vmax (KBr cm-1) 1620, 1587, 1554, 1496, 1433, 1212, 1201, 1032, 
999, 834, 772, 684, 531, 443; m/z (EI) 330 (M+ +1, 22%), 329 (M+, 100%), 265 (28), 238 
(23), 214 (41), 176 (29), 145 (28), 81 (10), 65 (10). 
 
 
5.5 Synthesis of ferrocenyl-derived ruthenium alkylidenes16-18 
 
5.5.1 Ferrocenylidene-bis(tricyclohexylphosphine)dichlororuthenium 
((PCy3)2Cl2Ru=C(H)Fc) 14 
 
A three-necked round-bottom flask was fitted with a 
condenser, a rubber septum and an argon inlet and flushed 
with argon for 30 minutes. Grubbs 1 (100 mg, 0.12 mmol) was 
quickly added to the flask by removing the condenser and 
anhydrous dichloromethane (3 cm3) was added via a syringe. 
A solution of vinylferrocene (180 mg, 0.85 mmol) in anhydrous 
dichloromethane (2 cm3) was then introduced through the septum. The reaction was 
allowed to stir at room temperature for 10 minutes. The solvent was reduced and the 
brown residue cooled to 0°C. Cold anhydrous methanol was then added. The precipitate 
that formed was filtered off and washed repeatedly with cold methanol affording a purple 
solid that was identified as (PCy3)2Cl2Ru=C(H)Fc (143 mg, 79 %); m.p. 136°C (lit10 
135°C); 1H NMR (CDCl3) δH 19.02 (1H, s, Ru=CH),  4.48 (2H, s, C5H4), 4.29 (2H, s, 
C5H4), 4.19 (5H, s, C5H5), 2.37 (6H, s, PCy3), 1.84-1.26 (60H, m, PCy3); 31P NMR 
(CDCl3) δP 34.6 (s, phosphines); 13C NMR (CDCl3) δC194.1, 133.2,  
Ru
PCy3
PCy3
Cl
Cl
Fe
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 113.7, 96.5, 85.9, 80.1, 74.8, 70.8, 68.4, 23.4-35.5; IR (KBr cm-1) vmax 2922, 2849, 1559, 
1539, 1521, 1596, 1476, 1436, 1419, 1264, 1174, 1106, 731, 668, 419, 397, 375, 354, 
335, 327, 323. m/z (LS FAB) 929 (M+, 10). 
 
5.5.2  4-Ferrocenylphenylidene-bis(tricyclohexylphosphine)dichlororuthenium 
((PCy3)2Cl2Ru=C(H)PhFc) 15 
 
A three-necked round-bottom flask was fitted with a 
condenser, a rubber septum and an argon inlet and 
flushed with argon for 30 minutes. Grubbs1 (61 mg, 0.07 
mmol) was quickly added briefly removing the 
condenser. Anhydrous dichloromethane (5 cm3) was 
then added to the flask through a syringe. A solution of 1-
ferrocenyl-4-vinylbenzene (106 mg, 0.37 mmol) in 
anhydrous dichloromethane (1 cm3) was introduced 
through the septum and the reaction allowed to stir at room temperature for 10 minutes. 
The solvent was reduced and the remaining residue cooled to 0°C and cold anhydrous 
methanol added. The precipitate that formed was filtered off and washed repeatedly with 
cold methanol and pentane affording a purple solid that was identified as 
(PCy3)2Cl2Ru=C(H)PhFc (77 mg, 72%); m.p. 159-160°C; 1H NMR (CDCl3) δH  19.75 (1H, 
s, Ru=CH), 8.46 (2H, s, ArH), 8.39 (2H, s, ArH), 4.76 (2H, s, C5H4), 4.41 (2H, s, C5H4), 
4.04 (5H, s, C5H5), 2.65 (6H, s, PCy3), 1.15-1.84 (60H, m, PCy3); 31P NMR (CDCl3) δP 
36.9 (s, phosphines); 13C NMR (CDCl3) δC 141.7, 131.8, 129.4, 126.4, 84.7, 70.3, 70.0, 
67.1, 32.7, 32.6, 32.5, 30.1, 28.3, 28.2, 27.4, 27.2, 26.9, 26.7, 26.5; IR (KBr cm-1) vmax 
2928, 2850, 1576, 1559, 1539, 1521, 1419, 1394, 1245, 1174, 1005, 897, 847, 741, 689, 
668, 419, 397, 375, 354; m/z (LS FAB) 1006 (M+, 3), 971 (5). 
 
5.5.3 4-Ferrocenylphenylidene-bis(cyclohexylphoban)dichlororuthenium 
((CyPhoban)2Cl2Ru=C(H)PhFc) 16 
 
A three-necked round-bottom flask was fitted with a condenser, 
a rubber septum and an argon inlet and flushed with argon for 
30 minutes. Phobcat (200 mg, 0.24 mmol) was quickly added by 
removing the condenser. Anhydrous dichloromethane (5 cm3) 
P
Cy
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 was then syringed into the flask through the septum. A solution of 1-ferrocenyl-4-
vinylbenzene (84 mg, 0.29 mmol) in anhydrous dichloromethane (1 cm3) was then 
introduced via a septum. The reaction was allowed to stir at room temperature for 40 
minutes. The solvent was reduced and the remaining residue cooled to 0°C and cold 
anhydrous methanol was added. The precipitate that formed was filtered off and washed 
with cold methanol and pentane to afford a purple solid that was identified as 
(CyPhoban)2Cl2Ru=C(H)PhFc) (188mg, 77%); m.p. 181-182°C; 1H NMR (CDCl3) δH  
19.90 (1H, s, Ru=CH), 9.39 (1H, s, ArH), 7.94 (1H, s, ArH), 7.61 (1H, s, ArH), 7.37 (1H, 
s, ArH), 4.82 (2H, s, C5H4), 4.43 (2H, s, C5H4), 4.02 (5H, s, C5H5), 2.60 (6H, s, PCy3), 
1.24-2.16 (60H, m, PCy3); 31P NMR (CDCl3) δP 25.04 (s, phosphines); 13C NMR (CDCl3) 
δC 154.6, 132.4, 127.1, 126.4, 84.3, 74.2, 69.7, 48.3, 21.3-33.9; IR (KBr cm-1) vmax 2925, 
2852, 1554, 1506, 1106, 902, 863, 737, 668, 458, 419, 397, 375; m/z (LS FAB) 894 (M+, 
5), 800 (4), 710 (34), 675 (19), 633 (4), 595 (7), 545 (16). 
 
 
5.6 OLEFIN METATHESIS 
 
5.6.1 RCM of diethyldiallylmalonate: General procedure 
 
A three-necked round bottom flask fitted with an argon septum, a 
condenser and a thermometer was flushed with argon. Toluene (20 
cm3) and diethyldiallymalonate (9.3 mg, 4.2 mmol) were added through 
the septum and heated to 50°C. The temperature was kept constant 
and a steady flow of argon was allowed to bubble through the solution. Grubbs 1 (2.0 
mg, 0.0025mol) was added to the reaction mixture and the reaction was left to stir for 2 
hours.16,17 The solvent was reduced under vacuo and the colourless residue taken up in 
preparative TLC plates with an acetone/petroleum ether solvent system. The isolated 
product was then injected into the GC as a standard. The percentage conversion of 
diethyldiallylmalonate (DDM) was then estimated using the percentage area obtained 
from a chromatogram. 
For metathesis reactions 4.6.1.1-4.6.1.5, similar conditions were used but samples were 
taken through the septum at regular intervals and analysed with GC.  
 
5.6.1.1 RCM of DDM (1009 mg, 4.2 mmol) with Grubbs 1 (2.0 mg, 0.0025 mmol): 
EtO2C CO2Et
100 
   % conversion: 70. 
5.6.1.2 RCM of DDM (1009 mg, 4.2 mmol) with 14 (2.3 mg, 0.0025 mmol): 
% conversion: 62. 
5.6.1.3 RCM of DDM (1009 mg, 4.2 mmol) with 15 (2.5 mg, 0.0025 mmol): 
% conversion: 82. 
5.6.1.4 RCM of DDM (1009 mg, 4.2 mmol) with 16 (2.2 mg, 4.2 mmol): 
% conversion: 99. 
5.6.1.5 RCM of DDM (1009 mg, 4.2 mmol) with Phobcat (1.7 mg, 4.2 mmol): 
 % conversion: 97. 
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